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ΦAbstract -- This article sets forth a design optimization 
methodology for an SMPM machine drive on an operating 
profile. The optimization parameters serve to describe both the 
machine geometry and electrical ratings of the electronic power 
converter. Each operating point is treated independently, and 
current control is optimized at every operating point in order to 
not only minimize machine drive losses but also satisfy a 
number of constraints. This optimization methodology will then 
be applied to the design of a direct-drive conversion chain for a 
wave energy converter (WEC). 
 

Index Terms— Bi-objective optimization, design 
methodology, direct-drive, operating profiles, optimization 
methods, particle swarm, permanent-magnet generators, sizing 
optimization, wave energy conversion. 

I. INTRODUCTION 
EVERAL approaches to designing a permanent magnet 
machine that make use of optimization algorithms, 

either deterministic [1,2] or stochastic [3,4], have been 
presented in the literature. Very little research has focused 
however on such a design exercise over a given operating 
profile [5]. Yet, for an increasing number of applications 
(electric traction, renewable energy production, etc.), it 
proves impossible to define a typical operating point for a 
given design. 

The present article proposes developing a design 
optimization methodology on the operating profile of an 
SMPM machine drive for a wave energy conversion 
application. The term "operating profile" refers herein to a 
series of torque-speed operating points, denoted ሺ ௜ܶ , Ω௜ሻ, that 
the converter-machine set must achieve. All points on the 
operating profile are taken into account in order to determine 
objectives and satisfy constraints. The two competing 
optimization objectives selected in this case are the cost of 
the electric chain (machine active parts + power electronics) 
and electrical energy (generated in our case). Both the 
incorporation and optimization of electronic power converter 
ratings require adopting a current control strategy (direct and 
transverse axis current) for each operating point ሺ ௜ܶ , Ω௜ሻ. 
This study will examine two contributions of flux weakening 
for permanent magnet machine drives: 

- Extension of the constant power speed range. In several 
articles [6-11], it is shown that electronic flux weakening 
(through modification of the leading angle or injection of a 
demagnetizing direct axis current) makes it possible, for 
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given converter ratings, to extend the operating speed range 
of a machine drive with respect to a conventional control 
(e.g. an ݅ௗ ൌ 0 control). 

- Minimization of losses [12-14]. By restricting losses to 
just copper losses, then loss minimization at each operating 
point necessitates a so-called "maximum torque per ampere" 
control, which within the scope of non-salient machines, 
may be expressed very simply as ݅ௗ ൌ 0. By adding other 
losses (magnetic, converter) to this formulation, the control 
law for minimizing losses at each point becomes more 
complex, while still remaining feasible. 

A broad array of research has been conducted to take 
advantage of these two contributions from flux weakening. 
Yet such research has been limited to optimizing only the 
control strategy [15], or optimizing the control and machine 
geometry (excluding the converter) [16], or lastly optimizing 
the control-converter-machine set while focusing on just a 
single criterion (either the machine mass [17] or losses on 
the operating profile [18]). 

The first part of this paper will discuss the general 
optimization problem associated with the design of a 
machine drive; this will entail presenting the two selected 
competing objectives in addition to the set of machine drive 
design parameters and relevant constraints. The second part 
will demonstrate how to optimize the direct axis current ݅ௗ in 
order to minimize a loss criterion for each operating point, 
with respect to both converter design parameters and magnet 
demagnetization. Afterwards, the models used to perform 
this optimization routine will be described in detail. The last 
part will apply the approach developed to the study of a 
pendulum system devoted to wave energy conversion. 

II. PRESENTATION OF THE OPTIMIZATION PROBLEM 

A. Optimization objectives 
From a classical perspective, the design objectives for a 

machine drive could consist of machine mass, machine cost 
or total losses. Two specific and competing objectives will 
be discussed here: total cost of the machine drive, and 
electrical energy. 

1) Objective 1: Cost of the electric chain 
In order to evaluate the machine drive cost, we consider 

the sum of the power electronics cost (inverter, filters, 
control circuits) and machine cost, e.g.: 

ௗ௥௜௩௘ܥ  ൌ ௖௢௡௩ܥ ൅  ௠௔௖௛ (1)ܥ
 

Our assumption is that the cost of the converter is a 
function of its apparent power (2) (stemming from 
observation). As for the machine cost, only the sum of costs 
for raw materials and active parts have been taken into 
account (3), with numerical values being listed in Table II. 

௖௢௡௩ܥ  ൌ  ௖௢௡௩ఉ (2)ܵߙ
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௠௔௖௛ܥ  ൌ ܿேௗி௘஻ ேܸௗி௘஻ ൅ ܿி௘ ிܸ௘ ൅ ܿ஼௨ ஼ܸ௨ (3) 
 

Coefficients ߙ and ߚ may be adjusted depending on the 
application (large or small series), and they remain valid for 
a given power range and conversion structure. The 
coefficients for an IGBT three-phase bridge will be provided 
in the application example further below. 

2) Objective 2: Electrical energy 
Depending on the specific application, e.g. whether motor 

or generator, the electrical energy may be either consumed 
or generated. If we adopt a motor convention, in both cases 
this electrical energy requires minimization: 

௘௟௘௖ܧ  ൌ ෍  ൫ ௜ܶΩ௜ ൅ ௟ܲ௢௦௦,௜൯݀௜௜  (4) 
 

where ௟ܲ௢௦௦,௜ are the total machine drive losses at 
operating point ሺ ௜ܶ , Ω௜ሻ with a duration of ݀௜. 

B. Optimization parameters 
The target to be optimized is an SMPM machine drive. 

The optimization parameters thus need to describe the two 
physical components making up this system : machine and 
converter. 

Let's assume the DC bus voltage ܷ஽஼ to be constant. The 
converter will then be parameterized by its rated current 
௥௔௧௘ௗܫ)  with ܵ௖௢௡௩ ൌ 3 ௥ܸ௔௧௘ௗܫ௥௔௧௘ௗ and ௥ܸ௔௧௘ௗ ൌ ܷ஽஼/2√2). 

In order to effectively describe the machine, let's identify 
just the geometric parameters shown in Fig. 1 and listed in 
Table I below. 

TABLE I 
OPTIMIZATION PARAMETERS 

Symbol Description 
Irated Rated current of the power electronic converter (A) 

e Airgap length (m) 
hmag Magnet height (m) 
hrot Rotor yoke height (m) 
hslot Slot height (m) 
hstat Stator yoke height (m) 
kcf Copper-to-iron ratio in the slotting area (-) 
lu Active machine length (m) 
p Number of pole pairs (-) 
rs Inner stator radius (m) 
ns Number of turns in series per phase 

 

 
 

Fig. 1: Geometric parameterization of the PM machine 

C. Optimization constraints 
To complete the description of this optimization problem, 

several constraints still need to be defined. 
Some constraints must be satisfied at each operating point ሺ ௜ܶ, Ω௜ሻ: 
- Rated voltage:   ݅׊    ௜ܸ ൑ ௥ܸ௔௧௘ௗ  
- Rated current:   ܫ    ݅׊௜ ൑ ௥௔௧௘ௗܫ  
- Saturation:    ݔܽ݉    ݅׊ሺܤ௜ሻ ൑ 1,5ܶ 
- Demagnetization:  ܪ    ݅׊௜ ൒ െܪ௞  
Other geometrical constraints however must be satisfied 

for each machine drive, e.g.: 
- ݁ ൐ 0.2 ൅ 3ඥݎ௦݈௦ ሺ݉݉ሻ 
௦ݎ - ൅ ݄௦௟௢௧ ൅ ݄௦௧௔௧ ൑ ௠௔௫ݎ  
௦ݎ - െ ݁ ൒ ݄௥௢௧ 
The thermal constraint must be treated with special 

attention. The temperature rise relative to ambient 
temperature must be calculated strictly by means of a 
transient thermal model. The maximum value over the entire 
increasing temperature profile must therefore remain below a 
threshold value : ݉ܽݔ൫ΔΘሺݐሻ൯ ൏ ΔΘ௠௔௫  

Should the sequencing of operating points not be known, 
only one thermal model in the steady-state mode may be 
used and the temperature rise for each operating point is 
denoted ΔΘ௜ . Two scenarios then become possible: 

- When thermal time constants of the machine are large 
relative to the loss variation periods, the temperature rise 
constraint can be calculated based on average loss value : ݉݁ܽ݊ሺΔΘ௜ሻ ൏ ΔΘ௠௔௫  

- When the thermal time constants are small relative to the 
loss variation periods, temperature rise may be considered as 
instantaneous and the corresponding constraint appears on 
the least favorable operating point : ݉ܽݔሺΔΘ௜ሻ ൏ ΔΘ௠௔௫  

Depending on the application and level of power under 
consideration, one of these two scenarios may be envisaged. 

Otherwise, it would be necessary to calculate the 
temperature rise profile on the basis of a transient thermal 
model, which could cause a higher computation time. 

III. CURRENT CONTROL OPTIMIZATION ON AN 
OPERATING POINT 

In order to evaluate machine drive losses ௟ܲ௢௦௦,௜ at 
operating point ሺ ௜ܶ , Ω௜ሻ, the direct axis current ݅ௗ,௜ still needs 
to be determined. The transverse axis current ݅௤,௜, in case of a 
non-salient machine, is defined by the torque ௜ܶ  to be 
supplied. 

The values of currents ݅ௗ,௜ at each operating point should 
constitute strictly optimization parameters to the same extent 
as machine drive design parameters. On an operating profile 
containing a large number of points however, this rigorous 
approach is infeasible since it leads to an excessive increase 
in the number of optimization parameters. 

The alternative approach adopted herein consists of 
locally optimizing the value of current ݅ௗ,௜ for each operating 
point. Let's assign the minimization of total machine drive 
losses ௟ܲ௢௦௦ as the optimization criterion, which in turn 
contributes to optimizing one of the two design objectives, 
namely electrical energy ܧ௘௟௘௖ . 

As indicated in the previous section however, some 
constraints must be satisfied at each operating point ሺ ௜ܶ, Ω௜ሻ: 
voltage, current, saturation and demagnetization. The value 



 ݅ௗ,௜ must therefore be optimized subject to these constraints. 
Should no optimization solution exist, e.g. no ݅ௗ,௜ value 
found to satisfy all four constraints, then the particular 
operating point cannot be reached. An illustration of this 
optimization protocol is presented in Fig. 2 (only voltage and 
current constraints are illustrated). 

A new constraint will now be defined that encompasses 
the four mentioned above: each operating point ሺ ௜ܶ, Ω௜ሻ must 
be reached. 

In practice, this constrained optimization routine is 
performed by systematically computing several discrete 
values lying within the interval ሾെܫ௥௔௧௘ௗ; 0ሿ. The selected ݅ௗ,௜ 
value is the one that minimizes losses while satisfying 
constraints. The number of computed discrete values will be 
established on the basis of a compromise between level of 
accuracy and computation time. 

 

 
 

Fig. 2: Constrained optimization of ࢏,ࢊ࢏ for minimizing ࢏,ࢋ࢜࢏࢘ࢊࡼ 
If converter losses are not included in the local 

optimization objective, a simple analytical expression can be 
derived for the constrained optimal current. This internal 
optimization loop can then be more quickly processed 
numerically. 

IV. MACHINE DRIVE MODELIZATION 
The goal of this modeling effort is to determine the 

objectives to be optimized based on a set of optimization 
parameters. The "economical cost" objective does not 
require any kind of physical model, but the electrical energy 
calculation requires knowing the losses at each operating 
point. 

This modelization is restricted to the first harmonic and 
decomposes airgap induction on two axes that rotate 
synchronously with the electrical angular velocity ω (d-q 
axes). The hypotheses adopted to build this model consist of: 
infinite iron permeability, and the independence of electrical 
quantities with respect to temperature. 

A. Electrical machine model 
The equivalent circuits in both axes are depicted in Fig. 3. 

The iron loss resistance ௙ܴ is neglected during the 
calculation of electrical values. 

The decomposition into d-q axis has been chosen so that 
the RMS current value per phase and the RMS phase to 
neutral voltage are both expressed as follows: 

ܫ  ൌ 1 √3ൗ ට݅ௗଶ ൅ ݅௤ଶ (5) 

ܸ ൌ 1 √3ൗ ට൫ܴ௦݅ௗ െ ሺܮ௠ ൅ ௟ሻ߱݅௤൯ଶܮ ൅ ൫ܴ௦݅ௗ ൅ ߱ሺሺܮ௠ ൅ ௟ሻ݅ௗܮ ൅  ௔ሻ൯ଶ (6)ߔ
 

 
 

Fig. 3: d- and q-equivalent circuits of the SMPM machine 

Rs: Armature winding resistance per phase 
Rf: Equivalent iron loss resistance 
Φf: √3Φ௘ 
Φe: Flux linkage of the PM per phase (r.m.s. value) 
Lm: Magnetizing inductance 
Ll: Leakage inductance 

 
The electromagnetic torque equals: 
 ܶ ൌ  Φ௘݅௤ (7)݌

B. Model of machine drive losses 
The resistance ܴ௦ of one phase is determined from the set 

of geometric parameters. Copper resistivity is set at the 
maximum allowable temperature. The dependence of 
resistivity or other physical quantities on temperature could 
be incorporated by means of an iterative calculation, yet 
computation time would rise excessively. 

 ௖ܲ௢௣௣௘௥,௜ ൌ ܴ௦൫݅ௗ,௜ଶ ൅ ݅௤,௜ଶ൯ (8) 
 

Iron losses are calculated in the first harmonic hypothesis. 
The consideration of harmonic losses in the model would not 
cause any additional difficulties. Equation (9) is used to 
calculate loss densities: 

௜௥௢௡,௜݌  ൌ ௛௬௦௧,௜݌ ൅ ௘ௗௗ௬,௜ൌ݌ 2݇ுߨ |Ω௜|ܤప෡ ଶ ൅ ௣ߙ ൫݌Ω௜ܤప෡ ൯ଶ2  (9) 

 

Total iron losses are derived from (9) by summing total 
losses in both the teeth and stator yoke. Loss densities are 
considered to be homogeneous in each of these two parts 
(rotor losses are assumed to equal zero for this model in the 
first harmonic under steady-state mode). 

Losses in the electronic power converter are composed of 
the sum of conduction losses (10) and switching losses (13) 
within both the diodes and transistors (in this case IGBT). 

 ௖ܲ௢௡ௗ ൌ ଴ܸ,௫ܫ௠௢௬,௫ ൅ ܴௗ,௫ܫ௥௠௦,௫ଶ  (10)
 

where x is the component under consideration (diode or 
IGBT), ଴ܸ,௫ the threshold voltage of the component and ܴௗ,௫ 
its dynamic resistance. Observations gleaned from 
manufacturers' documentation enable deducing, for a given 



 

maximum voltage rating, the scale law as a function of the 
maximum current rating of the various components: 

 ଴ܸ,௫ ൌ ௥௔௧௘ௗሻ  (11)ܴௗ,௫ܫ௫/ሺ√2ݒ ൌ ௥௔௧௘ௗሻ (12)ܫ௫/ሺ√2ݎ
 

Switching losses are assumed to be proportional to the 
switched current: 

 ௦ܲ௪ ൌ ௦݂௪ሺܤ௦௪ ൅ (13) ߨ/௥௠௦√2ܫ௥௘௖ሻܤ
 

where ܤ௦௪ and ܤ௥௘௖  are the switching loss coefficients in the 
IGBT and diode, respectively. The hypothesis will be 
adopted whereby for a given maximum voltage rating, these 
coefficients remain independent of the maximum current 
rating of the switches. 

C. Magnetic machine model 
An expression of the magnetizing inductance ܮ௠ is shown 

in (14) for a diametral winding with one slot per pole and per 
phase: 

௠ܮ  ൌ 32 ߨ4 ௖݁ܭ଴ߤ ൅ ݄௔ ݊ଶݎ௦݈௨݌ଶ (14)
 

where ܭ௖ is Carter's coefficient [19]. 
The leakage inductance ܮ௟ is obtained from a calculation 

of the magnetic energy stored in a single slot (end windings 
and tooth tips have been neglected herein), which yields: 

௟ܮ  ൌ ଴ߤ2 ݊ଶ݈௦݌ଶ ݄௦௟௢௧3ݓ௦௟௢௧  (15)

D. Thermal machine model 
The equivalent thermal circuit of the machine is displayed 

in Fig. 4. Due to symmetry considerations, only half of a 
tooth pitch has been examined. 

To begin, the curvature effects are neglected and losses 
are distributed; in this case, the calculation of equivalent 
circuit elements requires special attention [20]. The 
expression for thermal resistances is detailed for the slot 
only as follows: 

 ܴ௧௛_௦௟௢௧,௥௔ௗ ൌ ஼௨ߣ1 ݄௦݈௨ ௦ݓ 2ൗ  (16)

ܴ௧௛_௦௟௢௧,௧௚ ൌ ஼௨ߣ1
௦ݓ 2ൗ݈௨݄௦  (17)

 ஼ܲ௨,௦௟௢௧  corresponds to the copper loss produced inside a 
half-slot. ߣ஼௨ corresponds to the equivalent thermal conductivity of 
the stator winding (copper + insulation), set equal to 0,5ܹ. ݉ିଵ.  .ଵ in the case of vacuum impregnationିܭ

 

 
 

Fig. 4: Equivalent thermal circuit of the PM machine 

The resistances ܴ௦௟௢௧,௧௚ and ܴ௧௢௢௧௛,௧௚ enable incorporating 
the tangential heat flux from the slot to the tooth; this flux 
cannot be neglected in the case where slot depth is greater 
than slot width. 

The resistance ܴ௖௢௡௩ serves to model the thermal 
exchange taking place by convection and radiation. 

The value of the temperature rise constraint ΔΘ is 
calculated inside the winding; it corresponds to the 
temperature gain between the hottest point of the slot and the 
ambient temperature. 

For the sake of simplification, a thermal model of the 
electronic power converter was not developed since 
maximum current ratings have been established on the basis 
of manufacturer guidelines; moreover, it can be considered 
that cooling will be adapted in order to maintain the junction 
temperature at an acceptable value. 

V. DESIGN OPTIMIZATION ON AN OPERATING PROFILE 
This article has demonstrated how to evaluate and 

optimize the performance of a given machine drive at an 
operating point. Fig. 5 offers the optimization flowchart. The 
cost of the electric chain, along with the geometric 
constraints, may be directly assessed from the parameters 
presented. Electrical energy and the thermal constraint are 
calculated from losses. If for a given operating point no 
solution exists that optimizes ݅ௗ,௜, then the corresponding set 
of optimization parameters will not be selected as part of the 
overall design optimization. 

 

 
 

Fig. 5: Operating cycle design - The optimization flowchart 



 

A. Bi-objective optimization algorithm 
We introduced a bi-objective optimization algorithm, 

based on both Particle Swarm Optimization (PSO) and 
Pareto Dominance [21], in order to complete the overall 
design optimization loop. This algorithm has been 
implemented in a Matlab environment; the weighting factor 
was set at 0.7, and the social learning factor and cognitive 
learning factor both at 1. Leaders were selected from an 
elitist archive. A crowding factor was used to limit its size to 
200. 

The leader choice strategy is described in Fig. 6. All of the 
swarm was evenly spread across the archive so as to assign a 
leader to each particle. The first particles of the swarm thus 
always minimize the first objective, while the last particles 
optimize the second objective. 

 
 

Fig. 6: Leader choice strategy for the considered MOPSO algorithm 
 
The size of the swarm has been set at 2,000, and 500 

generations were chosen. Total computation time lasted 
roughly 1,000 s on a quad-core PC. To ensure good 
convergence, the algorithm was run 10 times. The results 
discussed below represent a combination of the results from 
each run. 

B. Application: Optimization of an all-electric 
conversion chain for a wave energy converter 

SEAREV (French acronym for Autonomous Electrical 
System of Wave Energy Conversion) is a wave energy 
conversion system [22,23] composed of a float actuated by 
swell movement. Inside this device, an eccentric mass wheel 
oscillates relative to the float. An electric generator operating 
in direct drive converts the mechanical energy of the 
pendular wheel into electrical energy, thereby causing 
damping of the relative motion between these two parts. One 
strategy for controlling the conversion torque consists of 
generating, via the associated machine drive, a viscous 
friction torque, e.g. introducing a resistant torque 
proportional to the angular velocity in addition to a leveling 
of the converted mechanical power. For each operating 
point, torque ௜ܶ  can thus be correlated with angular velocity Ω௜  by (18). 

 

 
 

Fig. 7: Schematic diagram of the SEAREV WEC operating principle 

 

௜ܶ ൌ ቐ Ω௜ߚ ݂݅ Ω௜ଶߚ ൐ ௟ܲ௘௩௟ܲ௘௩Ω௜ ݂݅ Ω௜ଶߚ ൑ ௟ܲ௘௩  (18)

 

The operating profile considered in this work was 
obtained for a viscous damping coefficient ߚ equal to െ5.10଺ܰ. ݉. ଵ and a clipping power ௟ܲ௘௩ିݏ  of െ1ܹܯ, both 
having been optimized for the state of an ocean swell ሺܪ௦ ൌ 3݉, ௣ܶ ൌ  ሻ. This temporal angular velocity andݏ8
torque profiles are depicted in Fig. 8. The time step was set 
at 0.1 s with a total cycle duration of 1,200 s. The total 
number of operating points thus equals 12,000. In order to 
reduce the number of points to be calculated, speed values 
were discretized and the probability of occurrence for each 
of the resulting discrete values was then calculated. Fig. 9 
shows the simplified cycle placed within the torque-speed 
plane. The area of each plotted point is proportional to the 
probability of appearance times the mechanical power 
( ௜ܶΩ୧ ݀௜ ∑ ݀௜௜⁄ ሻ. 

 
TABLE II 

PROBLEM CONSTANTS 
Symbol Description Value ܤ௥  Remanent induction 1 T ݇௙௜௟௟  Slot-filling coefficient 0.4 ݇ு Hysteresis loss coefficient 90 A.m(V.s)-1 ߙ௣ Eddy current loss coefficient 0.065 A.m.V-1 ߩ஼௨ Copper resistivity 2.5·10-8Ω.m-1 ݄ Convection coefficient 10 W.m-2.K-1 ߣ஼௨ Equivalent thermal conductivity of 

the winding 
0.5 W(m.K)-1 ߣி௘  Radial iron thermal conductivity 30 W(m.K)-1 ௦݂௪ Switching frequency 2 kHz ݒூீ஻்  Bias voltage for IGBT (diode) per 

ampere-rating 
2341 V.A-1 ݒௗ௜௢ௗ௘  1800 V.A-1 ݎூீ஻்  Dynamic resistance for IGBT 

(diode) per ampere-rating 
1500 mΩ.A-1 ݎௗ௜௢ௗ௘  1200 mΩ.A-1 ܤ௦௪൅  ௥௘௖ܤ

Switching loss coefficient 
3 mJ.A-1 

COST PARAMETERS ߙ Converter cost coefficient (viable 
for a three-phase IGBT bridge) 

ேௗி௘஻ܿ 0.7 ߚ 3.3  Magnet cost 30 (€/kg) ܿி௘  Lamination cost 3 (€/kg) ܿ஼௨ Copper cost 6 (€/kg) 
CONSTRAINT PARAMETERS ܷ஽஼ DC bus voltage 1300V ݁௠௜௡ Minimum feasible airgap (mm) 0.2 ൅ 3ඥݎ௦݈௦ ݎ௘௫௧,௠௔௫ Maximum outer stator radius 5 m ܤ௦௔௧ Maximum induction level 1.5 T ܪ௞ Magnet coercivity -760·103A.m-1 ΔΘ௠௔௫  Maximum temperature rise 110 K 

 
The SEAREV system therefore provides an application 

example of this optimization method on a cycle running in 
energy generation mode. The level of power being 
considered allows adopting the hypothesis previously 
described on transient thermal states, with the temperature 
rise constraint then being calculated on the basis of the 
average value of copper and iron losses. Only the converter 
on the machine side has been included in this example when 



 

calculating costs and losses. The scale law coefficients on 
the power electronic components were derived for a 
maximum voltage rating of 3,300 V. 

In this example, the direct axis current is optimized at 
each operating point in order to minimize total machine 
drive losses. The numerical method employed to perform 
this constrained optimization has been described in the 
section III. The number of discrete values tested for ݅ௗ has 
been fixed at 100 within the interval ሾെܫ௥௔௧௘ௗ; 0ሿ. 

 
 

Fig. 8: Operating profiles (angular velocity and torque) vs. time -  
Total cycle time equals 1,200 s 

 
 

Fig. 9: Simplified operating profile in the (C,Ω) plane - The area of each 
point is proportional to its mechanical energy potential  

(e.g. frequency of appearance * mechanical power) 
 
The optimization results are presented in Fig. 11 and 12. 

The Pareto front indicates the set of best solutions relative to 
both the electric chain cost ܥௗ௥௜௩௘ and average electric power ௔ܲ௩௘௥௔௚௘ , which is a reflection of the produced electrical 
energy (e.g. the mechanical power (negative) at which the 
sum of losses (positive) was added). The distribution of 
losses and costs for the four specific solutions is displayed in 
Fig. 12. The parameters of these four solutions are then 
detailed in Table III, and Fig 10 shows the operating area 
capable of being reached by Solution A along with the 
simplified operating profile. The shading indicates the 
optimized constrained leading angle (in generator mode Ψ୧ ൌ ߨ െ tanିଵሺ݅ௗ,௜/݅௤,௜ሻ) at each operating point for the 
purpose of minimizing machine drive losses. 

 
 

Fig. 10: Contour plot of the optimized leading angle શ in degrees in the 
(P,Ω) plane for the solution A – Here, the area of each point is proportional 

to its frequency of appearance 

 
 

Fig. 11: Pareto front for these optimization results 
 

 
 

Fig. 12: Distribution of losses and costs for four specific solutions 
 

TABLE III 
FOUR DETAILED SOLUTIONS OF THE PARETO FRONT 

 A B C D 
Paverage -230 kW -234 kW -238 kW -240 kW 
Cdrive 180 k€ 250 k€ 400 k€ 600 k€ 
Sconv 1.1 MVA 1.3 MVA 2.1 MVA 2.9 MVA 

e 5.1 mm 4.8 mm 5.4 mm 5.9 mm 
hmag 11 mm 15 mm 18 mm 20 mm 
hrot 3 cm 4 cm 7 cm 9 cm 
hslot 18 cm 28 cm 35 cm 42 cm 
hstat 3 cm 6 cm 10 cm 16 cm 
kcf 56% 51% 52% 55% 
p 126 80 51 36 
lu 55 cm 51 cm 65 cm 82 cm 
rs 4.8 m 4.6 m 4.5 m 4.4 m 
ns 378 400 357 342 

Mmachine 25 t 41 t 70 t 110 t 
Lm 3.3 mH 6.4 mH 13 mH 22 mH 
Ll 4 mH 7.5 mH 9.2 mH 11 mH 
Rs 24mΩ 20mΩ 17mΩ 15mΩ 
Φe 7Wb 12Wb 21Wb 31Wb 

 

VI. CONCLUSION 
This paper has presented a machine drive optimization 

methodology applied on an operating profile with a strong 
coupling between the machine and the power electronic 
converter. The aim was optimizing the design of an all-
electric conversion chain for a wave energy conversion 
system. This methodology proves to be applicable to any 
system in which a machine drive is operating at variable 

A 
B 

C 

D 



 

speed, like for electric traction or renewable energy 
conversion. 

A number of simplifying hypotheses were adopted, 
primarily to save computation time, yet the integration of 
more complex models would not pose a problem from a 
methodological standpoint. A machine model based on finite 
elements could even be used to more accurately calculate 
magnetic losses, particularly under conditions of 
considerable flux weakening, although computation time 
would rise substantially. A transient thermal model could 
also improve quality of results especially for applications 
where thermal time constants of the machine are near from 
the loss variation periods. 
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