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Abstract

Hybridization ratio a is an additional degree of freedom offered by the hybrid excitation principle in the design
of synchronous electrical machines. The first goal of this contribution is to present the tool developed for analysing
the effect of the hybridization ratio. This software tool is based on the electrical circuits modelling of hybrid
excitation synchronous machines. This tool can also be advantageously used for the pre-optimization of this
parameter. The used model and the optimization algorithm are first thoroughly detailed. Finally, a parametric study
intended to investigate the effect of some design specifications and parameters on this optimal value is presented.

Keywords: hybrid excitation, synchronous machines, permanent magnet, hybridization ratio, optimization, electric vehicles,
efficiency.

1. Introduction

Hybrid excited synchronous machines (HESM) are synchronous machines where two magnetic
excitation sources co-exist: permanent magnets (PM) and wound-field (WF) excitation. Thanks to this
particularity, these machines possess an additional degree of freedom, which is the hybridization ratio a.
This parameter reflects the contribution of PM to the total excitation flux. It can be advantageously
exploited for the optimized design of electrical machines in very demanding applications [1].

The electric traction is chosen as the case study, in this contribution. For this application, the traction
motor is often operating in partial load regions, which requires optimizing the power efficiency in these
regions for achieving high energy efficiency. If classical synchronous machines are used, this additional
requirement will be difficult to achieve without compromising other ones. Thanks to its additional degree
of freedom HESM allow answering this new requirement without compromising others.

The value of a allowing optimizing efficiency around a given (Torque, Speed) operating point is
determined thanks to an electrical circuits model based on first harmonics of the different quantities.
Since this investigation only concerns the predesign of HESM, the parameters of adopted model are
considered constant [2, 3]. More precise models could be adopted [4], but these require more complicated
and time consuming approaches, which may not be necessary at the predesign stages. Nevertheless, the
adopted model, even if it can be considered as too simple, is classical, widely spread and has been
validated by many works [2, 3]. Furthermore, its exploitation in a parametric study helps answer this
relative drawback.

This model is first introduced. Per-unit quantities are used in order to generalise the findings of this
study. The algorithm allowing the determination of the optimal value of o is then detailed. Although
already presented and used in a previous contribution [1], the software tool based on this algorithm has
never been detailed. The first goal of this contribution is to present this tool, and allow the reader to
replicate it. This tool, coded under MATLAB environment, is also made available through the link given
as reference [5]. Finally, a parametric study intended to investigate the effect of some design
specifications and parameters on this optimal value is presented. Variations of design parameters, mainly

1

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0378475420301464
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0378475420301464

resistances and inductances, could be due to, for example, temperature variations for resistances or
magnetic saturation for inductances. This study will help analyse the effect of physical phenomena
inherent to electrical machines operation on the hybridization ratio optimal value.

2. Pre-design model

The model used in this study is the classical, widely known first harmonic model for synchronous
machines based on a synchronous d—g reference frame, including iron loss [1, 2, 3]. Figures 1(a) and 1(b)
show equivalent circuits for armature windings, and Figure 1(c) shows an equivalent circuit for the
wound field excitation. Steady state electric equations of this model could be easily derived from these
figures [1, 3]. Symbols in these figures are defined as:

ig, iy d and g axes components of armature current,
I excitation current,

ifa, ity d and g axes components of iron loss current,
va, V4 d and g axes components of terminal voltage,

Ve excitation coils terminal voltage,

R armature winding resistance per phase,
Ry iron loss resistance,

R. excitation coils resistance,

D, permanent magnet flux linkage,
@, total excitation flux linkage,
ke "Armature/Excitation windings" mutual inductance,

La, Ly d and g axes components of synchronous inductance.

Thanks to the presence of the wound-field excitation, the total excitation flux varies with the excitation
current; it can be expressed as

DQpye =@, +k, U, =kf (D, 1max » (1)

where, @, nqx and kr are the maximum total excitation flux and the excitation coefficient, respectively.
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Fig. 1. Synchronous machines equivalent circuits model under motor mode operation.



The excitation coefficient varies ideally between 1, as an upper limit, and 0. Nevertheless, depending
on how the HESM is designed, it may not be possible to completely cancel the excitation flux (kfmin > 0).
Magnetic saturation, thermal limits or the demagnetization limit may set bound to the lower value of the
excitation coefficient.

2.1. Per-unit system

Per unit system model allows a better understanding of parameters effect on machines performance. It
is also a powerful tool for electric machines drives classification [6, 7, 8]. Base values of EMF and
current are chosen as the rated values for the motor at rated speed (base speed ).

Per-unit values of the model parameters (resistances and inductances) are defined as

R, O Ry Uy, R, O
Ran = gt Ry = gL Ry = e, @
(De max @ b q)emax Q’ b Vem
L, k, OO
Lin = (5= Lgn =P W, ken =~ 5=, 3)
emax emax
where,
p number of poles pairs,
In maximum armature current (in d-g referential),

Lem maximum excitation current,
Ven  maximum excitation coils terminal voltage,
p saliency ratio.

Note the use of the subscript n to indicate per unit value. Per-unit values of excitation and armature
currents and the armature terminal voltage are given by

2,2 2, 2

g ti I vgtv
IH:M, I, =—¢, Vn:#- (4)
Iy Lo D pax L 1Y
Per-unit values of output power P, copper loss Pcy, and iron loss Pr. are given by
P __Ic PFe

’ PFen = (5)

= Py =S ,

where, V,, is the maximum armature terminal voltage (in d-g referential). Finally, per-unit values of speed
and torque are defined as
Q P
Q, ==, 1,=21 (©)
Qp Q,
Another dimensionless parameter specific to synchronous machines with a wound field excitation, i.e.,
pure wound field excited synchronous machines and HESM, has also to be defined

B= Vin Ui

: (7
Vem Dem

B is the power ratings ratio between converters supplying the armature and excitation windings,
respectively. Hybridization ratio a, which is specific to HESM, is an additional degree of freedom from a
design point of view; it is defined as

a_ 8)




2.2. Hybridization ratio a

To illustrate this central parameter (hybridization ratio o) and its link with the design of HESM,
examples of HESM structures combining PM and wound field excitations are presented in this sub-
section.

Different criteria can be used for classification of HESM [9, 10]. Two are specific to HESM: the first
concerns the way the two magnetic excitation flux sources are combined, i.e., series and parallel hybrid
excitation, and the second concerns the localization of excitation flux sources in the machine, i.e., both
sources in the stator, both sources in the rotor and mixed localization. The first criterion is used here in
order to illustrate the hybridization ratio a and how it can be adjusted.

Figure 2 illustrates the series hybrid excitation principle and two examples of structures belonging to
this class. Figure 3 shows similar illustrations for the parallel hybrid excitation principle. In [10], a
comparison between two machines belonging to each of the two classes has shown the superiority of the
principle of parallel hybrid excitation. In fact, in series hybrid excitation, the flux generated by the
wound-field excitation should cross the PM region which has a relatively high reluctance [10]. Flux
control capability is then better for parallel HESM as compared to the series HESM.

The hybridization ratio a, in these machines, could be adjusted by choosing adequate values of the
parameters related to the PM and the wound-field excitation circuits, e.g. PM grade, PM thickness,
number of turns of the wound-field excitation, and the excitation current limitations.
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Fig. 2. Series HESM.
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2.3. Optimization of hybridization ratio

HESM offers an additional degree of freedom in the control and design of synchronous machines as
compared to other synchronous machines.

Electromagnetic loss in hybrid excited machines depends on two groups of parameters (9): one group
corresponds to control parameters, the other one to design parameters.

FeutPre = f(L, W, kg, a, Ly, p, B) ©)
\qf_—/ \—‘\/.—J
Control Design

From the control point of view, hybrid excitation machines are similar to wound field synchronous
machines [11]. From the design point of view, hybrid excitation machines have an additional degree of
freedom, which is the hybridization ratio a [1].

Figure 4 shows an algorithm used to optimize hybridization ratio. This algorithm includes design and
control parameters. It allows defining the value of hybridization ratio oo which maximizes efficiency for
desired "Speed — Torque" point (Qn0, Tno). v is the phase shift between the armature current and EMF,
and Vymax 1s the normalized value of armature windings terminals maximum voltage.

This algorithm allows choosing, for a varying between 0 and 1, combinations of excitation coefficient
ks, normalized armature current I,, and phase shift y, which maximizes efficiency n while respecting the
voltage limit. Optimal value of hybridization ratio oop is the one which maximizes efficiency.



The entry data of this algorithm are the design specifications quantities (.0, Tno). The design
parameters or variables are embedded in the inner loop of this algorithm, i.e., the one allowing computing
the efficiency. It is the first harmonic model which is used for that purpose. The design variables and their
variations ranges are described in the next section "2.4".

The efficiency computation is at the heart of this optimization algorithm. It will be detailed in this
section, and the files allowing the computation of efficiency maps are also provided along with this
contribution [5]. Before starting describing the process allowing the computation of efficiency maps, it
should be stressed that this algorithm has only been developed for non-salient machines, i.e., p = 1.
Indeed, having p = 1 helps reducing the number of numerical computations, since some quantities
required during the efficiency computation algorithm can be derived analytically, while having p # 1
requires these quantities to be determined numerically, which implies a longer computation duration.
Nevertheless, explanations to extend it to salient poles machines are also provided.

The first aspect which should be given attention to is the fact that some parameters are interdependent
regarding the way the per-unit system has been defined. Indeed, given the equation of excitation flux and
its per-unit version (10), parameters k.., normalized values of k., and B will be dependent on the value of
hybridization ratio o. Equation (11) gives relations between these parameters and o. A detailed
explanation of these relations is provided in Appendix A.
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Fig. 4. Optimization algorithm.



kp =0tk Qo (10)
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In equation (11), B1 is the value of B when wound field excitation is only used for weakening the total
excitation flux, i.e., o = 1. The second step towards the computation of efficiency maps is the
determination of the maximum normalized value of armature voltage V,ma. The base speed should be
first determined. The base speed is the maximum speed which could be reached while adopting the
maximum torque control strategy. For non-salient poles machines (p = 1), the maximum torque is
obtained when maximum excitation flux and maximum value of ip; (Figure 1) [11], while respecting
current limitation, are imposed. Figure 5 shows the algorithm used to compute Vimw. A detailed
explanation of this algorithm is provided in Appendix B. V,na computation should be done prior to any
efficiency computation algorithm implementation.

Figure 6 shows the efficiency maps computation algorithm. This general algorithm could be applied
for non-salient and salient poles machines. It allows to determine the maximum efficiency for a given
(€, T,) combination. Normalized torque can vary between 0 and 1 as a maximum value. Per-unit value
of speed varies between 0 and Q, max > 1. For (,, T,) combinations for which there is no means of
respecting the voltage limit, the efficiency is set to O [1]. Mechanical losses are neglected in efficiency
calculation, but they could be easily incorporated. The main problematic in this algorithm is the selection
of (kr, I, y) combinations.

This algorithm is different from the one shown in Figure 4, even if the efficiency computation is
exactly similar in both, and it’s at the heart of the two. The difference between them is their function.
While the algorithm of Figure 4 is used for getting the optimal hybridization ratio for a given (Qno, Tno)
combination (used for design purposes), the one shown in Figure 6 is used to generate the efficiency maps
for the entire (Torque, Speed) plane, for a given machine, i.e., a given parameters combination.

The efficiency computation being at the heart of these two algorithms, the aim in what follows is to
clearly explain the efficiency estimation methodology. Furthermore, in order to help the reader to
replicate it, the algorithms, shown in Figures 4 and 6, are both made available through the link given as
reference [5].

For non-salient poles machines, this problematic is simplified and many operations could be done
analytically. For these machines, the selection of (ks , I,, ) combinations is done through four simple
steps. These steps are explained here and further detailed in Appendix C. In fact, for each (., T,)
combination, the selection process only requires the implementation of a single loop on k. The two other
components (I, ¥) are determined analytically. The four steps are [12]:

1. analytical determination of ips allowing maximizing efficiency for a given (Qu, Tu, ky)
combination;

2. analytical determination of igs, range allowing respecting current limitation (7, < 1);
3. analytical determination of ips, range allowing respecting voltage limitation (V,; £ Vunax);
4. selection of (kf, In, ) combination which maximizes efficiency.
The three first steps are independent, and can be processed in any order. In the fourth step, selection
step, results of the three previous steps are exploited in order to select (kr, I, ) combinations allowing

maximizing efficiency, or set (2, T,,) = 0, if none of the (kr, I,, ) combinations are respecting current
and/or voltage limitations.
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For the first step, it is possible to express the total normalized electromagnetic losses (Pcun + Pren) as a
function of igss. The value of i, allowing maximizing efficiency, for a given (., T», k) combination, is
obtained by finding the optimum of the losses function. This optimum is obtained for the value of ioino
given by (12) [2, 12]. More details are provided in Appendix C.

-0 Ly, [QRan + Rﬁl) ks
Ran m]%n +Q% U‘Z'” [qRa” +Rﬁl)J

iOan = [ (12)

For the second step, intervals for which the current limit is respected, if ever existing, are determined.
This is done by solving equation I, < 1, which corresponds to equation (13). Obtaining of this equation is
explained in Appendix C [12].

| A1 Gan + By Uy +C | S0 (3)

with,
A =_1+(Qn Rdn/Rﬁl)z}
By = 2[@9,% &y Rdn/RJch)

2 2
Cr= ({(Qn H'dn [T anax)z'l'(Tn anax Dan+Qn D‘]%) }/(kf mfn) j_l:l

In case the discriminant of equation (13) is positive, let consider that it is verified for iogzx U [i0ani, iodn2].
For the third step, intervals for which the voltage limit is respected, if ever existing, are determined by

solving equation V, < Vyunar, which corresponds to equation (14). Obtaining of this equation is explained
in Appendix C [12].

[Av Gdn * By Godn +CVJ <0 (14)

with,

=) 2 O3 1 (R ) |3 |
By =207 &y Iy, EEH(Ran/an)T
(K 002 1+ Ran /R ) * (Ran Ty Voamar/ kf))2

CV = ) 5
+(Ldn 92, I Wy max [ql'i'Ran/an)/kf) ~Vimax

In case the discriminant of equation (14) is positive, let consider that it is verified for igan U [i0dn3, i0dn4].

The final step consists of finding, for a given (Q,, T,) combination, the higher efficiency. In addition to
outer loops allowing incrementing the speed and torque values, there is only one loop on k7 (inner loop).
For a given set of kr values, this loop will help identify values of (ioan, iogn), and subsequently (I, y),
allowing to maximize efficiency. This loop will help to generate a vector containing efficiencies Nn(ky)
corresponding to each value of kr. Within this set of kr values, the one which will be kept, at the end, is the
one maximizing the efficiency. The following table (Table 1) describes what is principally done inside the



inner loop (loop on ky), in order to estimate N(ks). More details are given in Appendix C, and files
allowing the computation of efficiency maps could be downloaded from [5].

Table 1
Algorithm inside inner loop for a given (€, Ty, kf) combination

Start

If discriminant of equation (13) is negative = n(kp) =0

Or if discriminant of equation (14) is negative = n(k) =0

Else

If [ioant, foan2] O [ioans, Toane] = 0 = N(kp) =0

Else

If doano O [iodn1, oan2] O [ioan3, ioana]l = N(kp) = N(Qu, Ty Ky, i0ano)

Else N(kp) = N(Qn, Tn, kf, 10ans), ioans 1s equal to the intersection interval terminal which is closer to the value of iggno.

End

2.4. Parameters variations

Table 2 gives normalized parameters variations intervals. These intervals are bounded by values
between which the different parameters could reasonably vary. The two first lines, in this table,
correspond to the design specifications quantities, and the rest to design variables.

The parametric study, presented in this contribution, is mainly conducted in order to establish the
separate effects of each parameter on the optimal value of hybridization ratio. In addition to the effect of
design specifications quantities (.0, Trno), only losses parameters, within the design variables, are
considered, i.e., Rax and Ry. Several references [3, 6, 7, 8] have been analysed in order to establish
reasonable variations intervals of the different parameters. Variations intervals, presented in Table 2, are
chosen so as to include parameters found in these references. Authors of the reference [8] have identified
some designs, 2 over 11 analysed designs, where the normalized values of armature windings resistance
Run are higher than 0.5. They pointed out that these designs correspond to small-power machines. It
should be recalled that the machines concerned are these used for electric traction, which are classified
within horsepower drives.

The initial values of the different design variables are given as follows: L4, = 0.5; p = 1; Run = 0.1; and
R = 20, ken = 1; Ren = 1; B = 27, and o = 1. These parameters have been derived from an existing
prototype [1, 12, 13].

Table 2
Normalized parameters variations intervals

Parameter Variations interval
Qo [0, 4]

Tho [0, 1]

Lan [0, 5]

p [0, 5]

Ran [0, 0.5]

th [5, +00[

Ren 1

Ken [0, 1]

B [5, +oof

10



3. Design specifications and variables effects

The effects are evaluated using drawings of isovalues of some quantities, efficiency among others, on
the (Torque, Speed) plane.

As explained earlier, the chosen hybridization ratio oop: allows efficiency maximization in a given
(Torque, Speed) region. This efficiency is evaluated by neglecting mechanical losses, and it does not
include the static converter losses.

Figure 7 shows the efficiency map of the HESM with previously defined parameters. Efficiency maps
constitute a convenient way to assess motor designs and their control strategies [1, 4, 11, 12, 14, 15, 16,
17, 18, 19, 20, 21, 22, 23]. Effects of the different parameters and variables are studied in the following
sections.

3.1. Design specifications

In order to investigate the design specifications effects on the value of optimal hybridization ratio oopt,
a first optimization study is conducted. The optimization algorithm has been used in order to determine
the value of a allowing maximizing the efficiency for (Q.0 = 2, Tuo = 0.2). It has been found that oopt
should be equal to 0.5.

Figure 8 shows efficiency maps for previous machine with a modified value of hybridization ratio, i.e.,
a = 0.5. As can be seen, the adoption of this new hybridization ratio allowed to shift the high efficiency
zone to the desired operating (.0, Tno) point [1] [22].

In order to investigate the separate effects of speed and torque on the value of optimal hybridization
ratio, a first study is conducted by keeping the speed Q.0 constant (2,0 = 2) and varying the torque value
Tno (Figure 9), and then keeping the torque constant (T.o = 0.2) and varying the speed value Qo
(Figure 10). The value of optimal hybridization ratio is decreasing as the torque T, is decreasing for a
constant speed, or as the speed €20 increases for a constant value of Tno. Figure 11 shows isovalues of aopt
in the (Torque, Speed) plane.

For Figure 9, the optimal hybridization ratio variations stop for a value of T, = 0.433, because beyond
this value the machine is not able to deliver a torque while respecting current or/and voltage limits.

Obtained results are logical and conform to the electrical machines general behaviour. Indeed, for high
values of torque it would be logically better to produce excitation flux from permanent magnets and
therefore having minimum copper losses. For high speed operation where both the iron and copper losses
may be significant, the flux weakening is made easier as the PM flux is reduced.
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Fig. 7. Efficiency map of the HESM (a = 1). Fig. 8. Efficiency map of the HESM (a = 0.5).
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3.2. Design variables

As stated earlier, in section "2.4", only losses parameters, within the several design variables, are
considered, i.e., Rax and Ry, in this sensitivity study. Effects of these parameters are studied separately.
For that purpose, curves shown in Figures 9 and 10 are plotted for different values of R, and Ry.. Figures
12 and 15 show variations of the optimal hybridization ratio for different values of R.. and Rp,
respectively.

Figure 12(a) shows variations of optimal hybridization ratio, when Q.9 = 2, for three values of
normalized armature resistance R.,, while Ry is kept constant (Rs = 20). It could be noticed that, for a
large torque range when this resistance is higher the optimization algorithm tends to give a higher value
of aopt, which is quite coherent since the efficiency is higher when torque production is mainly insured by
PM excitation flux. The curves stop at a given normalized torque value, which vary with R, because
beyond this value the torque production could not be insured while respecting the current and/or the
voltage limits. The machine could produce higher torque as the armature joule losses are lower (lower
values of Ru,). The value of aop is higher when R, = 0, for T < 0.1, is mainly due to the fact that under
a certain value of R.,, the armature joule losses are so low, that the torque could be insured with the
minimum iron loss, by imposing a large armature current in d axis while opposing PM excitation flux
(flux weakening operation).

In order to further investigate this phenomenon, variations of optimal values of different design and
control quantities, i.e., hybridization ratio a (Figure 13), and armature current amplitude 7, [Figure 14(a)]
and phase-shift y [Figure 14(b)], with Raz, when (Qq0 = 2, Ty = 0.05), have been computed. Figures 13
and 14 show these variations and it could be seen that for low values of R, the optimization algorithm

12



imposes a flux weakening operation [Figures 14(a) and 14(b)]. It should also be noticed that this type of
operation is limited to a narrow variation range of low values of R, (Figure 13).

When T, = 0.2 [Figure 12(b)], the value of oop: i1s higher as armature joule losses are higher. The
torque T,o = 0.2 could not be maintained beyond a certain speed (Q,0 = 3.2) for the machine with
Ran = 0.5. For the machine with R., = 0, the optimal value of the hybridization ratio is relatively constant
(ctopt = 0.55). The torque production for this machine should be insured by the PM to reduce excitation
joule losses.

Figures 15(a) and 15(b) show similar variations as Figures 12(a) and 12(b) respectively, but it is Rp
which varies this time, while R, is kept constant (Ra, = 0.1). It can be noticed from Figure 15(a), that
when the iron loss could be neglected (higher values of Ry), the algorithm tends to give a higher value of
Olopt.

Indeed, when iron loss could be neglected, it is more convenient to produce the torque by increasing
the excitation flux and reducing the electrical load (armature current). The torque production is improved
as the iron losses are getting lower. For machines with R = 5 and Ry, = 20, the optimization algorithm
gives more or less same values of oopt.

Figure 15(b) shows variations of optimal hybridization ratio, when T.o = 0.2. As previously, the
algorithm tends to give a higher value of ao, when iron losses could be neglected. This is again quite
coherent. When the speed increases, the optimal value of hybridization ratio is decreasing, to lessen iron
loss and allow an easier flux weakening operation. The torque T, = 0.2 could not be maintained beyond a
certain speed (QQn0 = 3.6) for the machine with Rz = 5.
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(a) Qno =2 (b) Two = 0.2

Fig. 12. Optimal hybridization ratio variations for different values of Rg.
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Fig. 13. Optimal hybridization ratio oo variations with R, for (2,0 = 2, T,o = 0.05).
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Fig. 15. Optimal hybridization ratio variations for different values of Rp;.

4. Conclusions

The study presented in this contribution helped assessing the validity and efficacy of the algorithm
allowing the computation of optimal hybridization ratio. The efficiency computation, which is at the heart
of this algorithm, has been detailed, to allow the reader to replicate it. This algorithm has proven to be
reliable, and has been used to analyse the effect of design specifications and variables on oop. The
parametric study undertaken has clearly shown the usefulness of the developed tool. This tool could be
used for both design and analyses purposes, as has been seen in sections "3.1" and "3.2". This quantitative
study, related to the pre-optimization of the hybridization ratio, has shown that the results are consistent
with the physics of electric machines. Furthermore, no contradictions with previous literature were found,
which comfort the trust on the developed algorithms.

This tool will be further improved in order to reduce simplifying assumptions on which the used model
of HESM is based. The next steps will be to consider salient poles machines, and include a consideration
of the magnetic saturation. Nevertheless, the presented tool has clearly showed how the additional degree
of freedom, offered by the HESM, could be advantageously used to optimize the energy efficiency of
electric drives used in electric vehicles.
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Appendix A

Within the hybridization ratio variation range o U [0, 1], three domains could be identified: a = 1,
o ]1, 0.5], and a [ ]0.5, 0]

Al oa=1

In this case, wound field excitation is only used for weakening the PM excitation flux. The higher
value of excitation current is obtained for kr= 0, i.e., Iem = | I | = @u / ke. In this case:

k :kenem:ke[qq)a/ke) 1
en

(De max (Da

2
B= Vinim  _ Vin Uy =(Vmumjl:€ ke j =B,
Vem Uem R, Dezm R, Qe max

(A.1)

A2 a0U]1,05]

If the machine is designed with same maximum excitation flux ®P. n« and a hybridization ratio
a U]1, 0.5], it could be easily demonstrated that the maximum excitation current is still obtained for
kr=0 (A.2).

D

kf =O:>CI)a+keDe=():>[e:_q)a/ke:_a[_l ekmax .
€ o = 1, =0 -emar (A 2)
kp=l=®; +keUo =Dp gy = 1o :((Demax _(Da)/ke =(1-a) -ema ke

e

In this case:

— ke Dem = ke [qa E‘Demax/ke)

q)é‘ max q)é‘ max

2
B= VinUm  _ Vin Uy =(VmDmJEE ke j =&
Vem Uem R, ng R, o [ Dy gy a?

ken

=a
(A.3)

A.3.01]0.5,0]

If the machine is designed now with same maximum excitation flux ®. nax, but with a hybridization
ratio o L] ]0.5, 0], it could be easily demonstrated that the maximum excitation current is obtained for
kr=1(A.4).

kp=0=>1, =, k, = —aChemar

. o = lem =(1—G)E-I—q)ekm‘” (A.4)
kf:1318:((Demax_q)a)/ke:(l_a)[‘l% ¢

e
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In this case:

Ky = /(cg Ueom _ ke EQ(I _((I])) E‘Demax/ke) _ (1 _ C()

emax

2
B= Vin Ui :VmDm :(VmDmJEE ke } - B
Vem Uem R, Dezm R, (1 - C() (D¢ max (1 - 0)2

emax

(AS)

Appendix B

The definition of base speed should be first recalled here; base speed is the maximum speed which
could be reached while adopting the maximum torque control strategy, so its determination is equivalent
to the determination of conditions allowing imposing the maximum torque. Torque expression, for non-
salient poles synchronous machines, is given by:

T=plks®,,q Uy, (A.6)

From a first sight, it is easily understandable that the torque is maximized when kr = 1 (maximum
excitation flux), and when maximum value of iy, is imposed. But rigorously, as regards to the adopted
electrical circuits model, which includes iron losses, io; is dependent on ky, and therefore the maximum
(optimum) of the function T(ky) should be determined in order to maximize the torque. Nevertheless, most
electrical machines, for not saying all, are designed in order to minimize the iron loss, which are then
modelled with a quite high value resistance Ry The dependence of iy, could then be neglected, in
particular at relatively low speeds, and the torque is indeed maximized when kr = 1 (maximum excitation
flux), and when maximum value of iy, is imposed.

In order to determine the maximum value of i, while respecting the armature current limit, relations
between (i, i) and (i4, i) should be first determined. These relations are given by equation (A.7).

iod :[id +(1 mmq/Rf)—(Ld [k f (@ o m:z/RJ%H/{H(Ld ED/Rf)Z}
iog :[iq ~(Lg @0y /R ) = (k f @ m)/Rf)}/[H(Ld m)/Rf)z}

It could be noticed from equation (A.7), that if Ry is high, the dependence of igp; on kr could be
effectively neglected. At the base speed and by imposing kr= 1, the normalized value of iy, is given by:

oan =i = (Lan Ban R )~ (VR3) |/ | 1+ (10 R a9)

Once the maximum value of ip,, is determined, the computation of Vyuax is straight forward. The
Matlab scripts used in order to determine the maximum value of igs, and subsequently the value of Vipax
are given in following tables (Table A.1 and Table A.2).

(A.7)
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Table A.1

Matlab script for the determination of Max(iog.)

Start
Values of Ly, Ray and Ry, should have been defined
I, =[0: stepr: 1];
W =[-90 : stepy : 90];
Fori=1:length(l,)
Forj =1 :length({)
ian(i) = ~1a(i) CHin(W());
ign(j) = In(0) Ceos(W(j));
i0gn(G) = f(ian(§), ign(§)); (see equation (A.8), for the exact expression)
End
[Y1(i),X1(1)] = max(iogn);
logni (i) = logn(X1(1));
i) = PX1());
End
[Y2,X2] = max(iogn):
iognm = iogn1(X2);

End

Table A.2

Matlab script for the determination of V.« (this script is directly following the previous one)

Start

1ognm = 10gn1(X2);

Inopt = In(X2);

Wopt = P1(X2);

idn1 = — Inopt Bsin(Wopy);

ignt = Inopt LEOS(Wopr);

iodn = h(ian1, ign1); (S€€ equation (A.7), for the exact expression)
Van = (Ran Oidn1 = Lan Dogom);
Van = (Ran Ogn1 + 1 + Lan Doan);
Vimax = sqrt(Van + Vgn?):

End

Appendix C

This appendix contains three subsections, which will allow defining the values of:
1. ioano allowing optimizing (minimizing) the total losses;
2. liodni, ioan2] for which I, < 1;

3. [lOdn3, lOdn4] fOI' Wthh Vn S Vnmax.
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C.1. Minimizing total losses

For a given (Torque, Speed) operating point, and a given value of excitation current, the losses are
given by:

Pr, =R, [ﬁiﬁ +i§) +R, 02

, 5 (A.9)
Pr, :[(p[Ld mﬂoq) +(Ld Loolip 4 +kf [ D¢ max m’) }/Rf

For non-salient poles synchronous machines at a given excitation flux, the value of iy, is given by:
ing =T/ (P Ty @ ar) (A.10)

Using equations (A.9), (A.10) and relations between (i4, iy) and (iao, i50) (A.14), the total losses could
be expressed as a function of iu as shown by equation (A.11).

(iOd +[Ld m*)[T/(P (& [ ¢ max D?f)})z 5
Ra 2 +R€ De
Py + Pry = +(T/(p & @) = (kf @emax + La DJOd)m/Rf]) (A1)

+[(Ld EJO[T/(p &f @emax))z +(Ld INE Y, +kf (D, 10 m)z}/Rf

It could be then shown that:
~(Ra* Ry ) L e p @) 07
(Ra R} +(R, + Ry )Ly m))z)

The normalized value of igs, given by equation (A.12), is ipano shown in equation (4).

a(PCu +PFe)
dipy

:O:iod = (A.12)

C.2. igan for which I, < 1

To find values of ips, allowing respecting the current limit constraint, the normalized armature current
amplitude 7, should be expressed as a function of ips». Knowing that:

[,<1=12<1 = (i§n+i§n)sl, (A.13)
and,
iq =iog ‘[(w@ ELdE@Oq)/Rf}
iy =iog +[(w&f [, + Oy EﬂOd)/Rf]’

by combining these two equations (equation (A.14) should be used in its normalized version) and
replacing io4n by its expression deduced from equation (A.10), a quadratic equation of ip4, 1s obtained (5).
It should be recalled that these developments are only true for non-salient poles synchronous machines.

It should be noticed that A; > 0, which implies:

(A.14)

In <] - iOdn D[i()dnl’ iOan] . (A.15)
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To find values of igs: allowing respecting the voltage limit constraint, the normalized armature voltage
amplitude V,, should be expressed as a function of igs». Knowing that:

2 2 2 2 2
Vo = Vamax < Vo =Vimax = (Vdn +an) < Vimax - (A.16)

and,

{Vd =R,y —wlp HJdEﬁOq (A.17)

Vg =R, Dq +w[ﬁkf [ D 1ax + La GOd),
by combining these two equations (equation (A.17) should be used in its normalized version) and
replacing iog by its expression deduced from equation (A.10), a quadratic equation of ip4. 1s obtained (6).

It should be recalled that these developments are only true for non-salient poles synchronous machines.
It should be noticed that Ay > 0, which implies:

Vi s Vnmax < iOdn D[iOdnS’ iOdn4] ‘ (A.18)
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