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Abstract: In this paper, a design methodology for synchronous reluctance machines (SynRM) working
with variable torque and speed profiles was presented. Unlike conventional solutions which size
the machine considering a reduced number of working points in order to reduce the computation
time, the solution proposed in this paper takes into account all the points which allow for better
management of the constraints along the cycle to avoid an oversizing of the machine. To solve this
problem with a reduced computation time, the geometry of the motor as well as the control strategy
were optimized in two steps. In the first step, the d-q axis stator currents were analytically expressed.
In the second step, the geometry was optimized with the use of a genetic algorithm. As an application
of this method, the case of a small and low-cost electric vehicle (EV) was chosen with the objective
of minimizing both the mass and the energy lost for the standardized urban dynamometer driving
schedule (UDDS). The method was based on the use of a 1-D analytical model which was validated
by a 2D finite element analysis (FEA).

Keywords: SynRM; co-design optimization; driving cycle; electric vehicle

1. Introduction

In recent years, a lot of research has been done on motor designs for electric vehi-
cle applications [1-3]. One of the main issues related to this subject is taking into ac-
count the standard driving cycle, which is usually composed of several hundred working
points in the optimization process. The optimization of an electrical machine considering
a working cycle must consider the optimization of the time-dependent variables (cur-
rents or voltages). In addition to the geometric parameters, the control strategy must
be optimized for each working point. Then, the use of a genetic algorithm, for example,
coupled with an analytical model leads quickly to a huge computation time, which is
not suitable in a sizing step. The computation time can be estimated by the following
formula: Ngen geo-Nind geo'(NpointsNgen currents Nind currents) teval, where Ngen geo and Njg geo
are, respectively, the number of generations and individuals to optimize the geometric
parameters, Neen currents and Niyg currents are, respectively, the number of generations and
individuals to optimize the current at each working cycle, Nyinss is the number of working
point and ¢, is the time needed to evaluate the function. For example, with a cycle defined
by 1000 points, the computation time can be longer than two years with 200 generations,
200 individuals and a typical duration of 50 ps per evaluation. Then, the whole cycle is
commonly reduced to the most significant points generally chosen according on an energy
criterion [4-11]. In this case, each point represents an energy center of gravity selected in
the torque-speed plane. The result can be improved by combining a finite element analysis
with analytical models [12,13] but it remains an approximate and partial solution because
the optimal choice of the control strategy during the cycle and the thermal behavior with
the transient regime are not properly taken into account, in, for example, the maximum
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torque per ampere (MTPA) control strategy or another control strategy, whatever the work-
ing point [14,15]. The MPTA control strategy minimizes copper losses for a given torque.
However, iron losses can be significant, especially in high-speed machines, and it may be
interesting to consider from the design step, a control mode that minimizes both copper
and iron losses in order to maximize the energy efficiency [16-18]. On the other hand, for
a machine working at variable torque and speed, it is important to control the maximum
temperature and the moment of its apparition. A calculation based on continuous losses
leads to undersizing of the machine, whereas a calculation based on peak losses leads
to oversizing.

In this paper, a design methodology which allows, at the same time, to consider the
whole cycle operating points and an optimal control strategy was presented. This study is
an enhancement of a research work presented in [19-21] that was carried out for the surface
permanent magnet synchronous machine. To our knowledge, such an approach has been
never made for SynRM. With the need to reduce CO, emissions and pollution in urban
centers, the demand for small electric vehicles is expected to increase significantly in the
coming years. In this market, where volumes will be important, the cost criterion and the
environmental impact will be preponderant. In this context, the SynRM presents interesting
advantages compared to the permanent magnet machines (PMSM). The design of a rotor
without magnets is interesting to reduce, significantly, both the cost and the risk supply
disruption in a very tight market [22,23]. There is also no risk of magnet demagnetization.
In this case, compared to PMSM, the loss of power density (acceptable for a small power
application) is widely compensated by a reduced cost (by almost a factor of two), increased
efficiency, and reliability [24].

In this paper, the design methodology was based on equivalent circuit models in the
d-q axis, allowing for the generalization of its use in other type of machines. The key point
of the proposed method is that the optimization process of the time-varying optimization
parameters (iy,ig) is done analytically in an initial step. The numerical optimization tool
is used only in a second step to find the geometric parameters of the motor. As these
parameters are not time-dependent, the computation time is then significantly reduced, as
if it were done for only one operating point.

The paper is organized as follows. In Section 2, the analytical model of the SynRM
is given. The inductances and resistances of the d-q axis equivalent circuits as well as
saturation, mechanical and thermal constraints are detailed. In Section 3, the design
optimization method is presented. Section 4 presents the application where the motor
is sized considering the urban dynamometer driving schedule (UDDS). Finally, the key
parameters such as, torque, surfacic permeances, and iron losses of the selected optimal
motor were validated by comparison with a finite element analysis (FEA).

2. Analytical Model

In this section, a 1-D analytical modeling of the SynRM is proposed with the aim of
optimizing. The design and the geometric parameters are shown in Figure 1. The stator
is assumed to have radial teeth and slots with coils connected to produce a three-phase
winding. Each phase is made of one full pitch coil and #ns turns/phase/pole. Such a
winding, easier to assemble, thus reduces the manufacturing cost. The salient pole rotor
is assumed to be skewed continuously by one stator slot pitch to improve the quality of
the energy conversion and reduce the torque ripple. In the following, the steel parts are
assumed to be infinitely permeable and rotor losses neglected.
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Figure 1. Design of the SynRM and main geometric parameters (with p = 2).

2.1. d-q Axis Equivalent Circuit Models

Figure 2 represents the d-q axis equivalent circuits, including the equivalent iron loss
resistance Ry, of the motor [25,26]. iy, i; and vy, vg are, respectively, the stator currents and
terminal voltages in the rotor reference frame. Assuming that the terms L;di,;/dt and

Lgdioq /dt can be neglected for a design optimization, the d-q axis voltage V,,; and V,,; are
therefore given as:

Vod = —Lqwiog @
Voq = Ld“)iod (2)
- \ -
J Lqwiog Lawisg
Figure 2. d-q axis equivalents circuits.
Using the Concordia’s transformation, the electromagnetic power P, is:
Py = P(Ld - Lq)Q Z'odioq 3)

The coppers losses P and iron losses Py,¢ are:
V(L V)
P = RC<(zod + Rf’;) - (zoq + R":) ) @

VZ VZ
Pyg = (R"; o+ R":) ()

Since (1) and (2), these losses can be also written as a function of currents 7,4 and iy4 only

OL;. . \? OLs;. . \°
PC - RC (pR qloq+10d) +Rc(p1{d10d+loq) (6)
K H
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2.2. Flux Densities

The fundamental component of the airgap flux density created by the stator can be
calculated since the surfacic permeance P(0). Ref. [27] such as:

BS(Q, 0, t) = 55(9; t) 73(9, 9,) (8)

The surfacic permeance limited to its average value and first harmonic component
(see Figure 3) is written:

P(6,0,) = Po+ Prcos(2p(6 — 6,)) 9)
P©,6:) 15t harmonic
""\\ ’,’\\\/
fPl y A) / Ay
"f \\‘ / N ,
/ \ / \ /
/ i
"PO 7‘ \‘\z‘ e
i 9?‘
a

Figure 3. Permeance function.

The first harmonic of the total stator magnetomotive force (MMEF) is given by:
6 .
Es(6,t) = ;kswnslsmsm(pG —wt —1p(t)) (10)

where, ks is the winding factor due to the skewing effect. From the half skew mechanical
angle 4, it is given by:

_ sin(d)
kSZU - 5

Then, it can be demonstrated that he magnitude of the airgap flux density is:

= S (0 DY)} s (o= B)eoi)” 2

(11)

With
2 7 ;
Ly = \@1 /2412 (13)
And: )
P = atan<%‘i> (14)
lq

Thanks to the Gauss’s law, it is possible to express the magnitude of the flux densities
in the steel part, the stator tooth (Bst), the stator yoke (Bsyn) and the rotor pole (Byy).
It gives:

B
Bstm = % (15)
t
Boym = ———_B (16)
sym - p(l _ rw) sm
2
Bym = - Bsm (17)

p
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2.3. Resistances and Inductances Models

The copper conductivity is considered constant and magnetic saturation is partially
taken into account by correcting the harmonic components of surfacic permeances Py and
Py which will be detailed further.

2.3.1. Resistances

The calculation of the copper resistance R, is calculated from:

1 4pnskr L
R = ——"F—7—=— 1
= s (18)
with the slot fill factor: 2.
ns c
kf= 19
f= s, (19)
and the cross-section area of one stator slot:
TR2(1 — 14) (1 — ky)
Sw = 7 (20)
it gives:
48 , kr r* L
R, = 21
¢ 7Tn <0’Ckf(1kt) >7’ —1’2 RZ ( )

The resistance Ry, represents the magnetic losses in the yoke and tooth of the stator.
From (5), this resistance can be expressed as:

Vi +V2
R od (22)
mg
with:
V2 4+ V2 = V/3(4pnsRsLOBg,, ) (23)

the magnitude of the voltage associated with the magnitude of the airgap flux density B,
obtained from the Faraday’s law. Iron losses P, can be written [21]:

Pg = Kaa (Kecp® Q% + kpQ) ((VolsiBZ,, + Volyy B, ) (24)

with:
Volg = k;tR> (rfu — r?) Volsy = 7TR? (1 — r%u) (25)
Since (15), (16), and (22)—(24) it gives:

24 pQ 1

R, = —n21gR
H = NgTLR Kaa (keepQ + ky,) ( 21+rw 1 r%,—rg)
p?(1—rw) ke rors

(26)

2.3.2. d-q Axis Inductances

The d-q inductances can be calculated by means of the airgap surfacic permeance (or
permeance function) as [28]:

Ly = G n? k%, ki, (Po + 7;1>R5L (27)
Ly = %ng k§w< P1>R L (28)

where Py is the mean value and P; is the amplitude of the first harmonic component.
On a first approach, the permeance function can be simply represented as shown in the
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Figure 3. Considering the stator slotting effect, by the use of Carter’s coefficient k, it can be
approximated by the black rectangular function with:

Ho
Pmax = 29
Fegn (29)

Ho
Prin = —— 30
n kcg,2 ( )

Therefore, the mean value Py and P; are given by:
PO = Pmin + g(Pmux - Pmin) (31)
2 .

P = ;(Pmax — Piin)sin(B) (32)

The calculation of L; by the Equation (27) may lead to a significant error due to diverse
effects, such as non-radial flux lines, non-sinusoidal winding distribution, flux leakage, etc.
These effects are usually corrected by a coefficient k7 ; [29]. For the considered geometry,
this coefficient has been evaluated with a 2D finite element analysis.

2.4. Constraints
2.4.1. Thermal Constraint

The thermal model used in this paper is the well-known lumped-parameter thermal
model (LPTN) [30]. To reduce the computation time, the slot is replaced by a homoge-
neous block with an equivalent conductivity and equivalent specific heat capacity. In the
axial direction, thermal resistances are neglected inside the machine, however, convection
is considered.

For each evaluated machine, the temperature elevation in the winding 6.(t) is calcu-
lated from the equivalent circuit represented in Figure 4c which represents half a slot pitch.

6 oo ambiant

8;
P
Ix "Rxl Bw
9;
Cy R T T e
ﬂﬂ'vt RCUL'
0k

(©)

Figure 4. Cylindrical piece (a); with its thermal model (b); and thermal model of the whole machine (c).
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In the radial direction, each cylindrical element is modeled by an equivalent circuit, as
shown in Figure 4a,b with:
L () ()
Rt = axgmr Text -1

m4gg> (33)
(i)

Tint

—_ 1 [1_
Rz = Ak TsL (1

— kits 2 2
Cr = Cp tZ Px (rext - rint)L

where the subscript ‘x” is ‘y’ for the yoke, ‘t’ for the teeth and ‘c’ for the slot. Between
the tooth and the slot, the thermal resistances R_tt and R_ct are calculated considering
parallelepiped shapes:

_ 1L 1 P
Ax Sy Ay (rw —1s)L
With [y, the length of the element. The convection heat transfer coefficients, for the
calculation of Rey ex, Rev intr Reo y and Ry ¢, depend on several parameters (geometry,

air velocity, etc.,). We assume here the same coefficient for all surfaces, considering the
following empirical formula [31,32]:

th (34)

hcv forced — hcvnm (1 + \6) (35)

where v is the speed of the air and hy,,, the coefficient for a natural convection. With
hev,, = 10 W/m?K and v = 10 ms~! by the use of a fan, it gives h,, Forced = 30 W/m?K.
The convective thermal resistances are then given by:

1

Roox=7—""35—
hcv forced Sthx

(36)

where Sy, is the surface exposed to the forced air flow (where “x” is ‘ex” for the external
surface at radius R, ‘int’ for the internal surface at radius 7sR, ‘ya’ and ‘ca’ respectively for
the surfaces at the end-space).

At each node of the LPTN (Figure 4c) the following equation can be written:

a6, 6~ 6 0i—6,

G dr R R

=Py (37)

Which leads to a system of first order differential equations commonly presented in
the matrix form:

(6] = (17 [Alf6] + [C] 7 [u] (38)

[A] is the thermal conductivity matrix, [C] the thermal capacity vector, [U] the matrix of
losses and [6] the temperature vector such as [6]" = [6. 6; 6, |. The main constant parameters
used are given in Table 1.

Table 1. Constant parameters for thermal analysis.

Symbol Parameter Value
Airon Iron thermal conductivity 25 W/m°C
Aglot Slot thermal conductivity 1W/m°C
Ciron Iron specific heat capacity 4707/ (kg-°C)
Cslot Slot specific heat capacity 400]/(kg-°C)
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2.4.2. Mechanical Constraint

The geometry of the rotor is constrained by two main factors: the maximum stress
and the first natural frequency. The maximum stress is proportional to the square of the
peripheral speed. Therefore, the peripheral speed of the rotor V), cannot exceed the limit
accepted by the material. Then:

Vp = (Rs - gl)Qmax < meux (39)
where V), yax and Qygy are the maximum peripheral speed and the maximum angular
speed respectively. In order to avoid the vibrations, the maximum speed is kept lower than

the first critical speed [33]:
2k
Quax < 4| = (40)
my

where m, is the mass of the rotor and k; is the bearing stiffness.

Generally, the maximum circumferential speed constraint is more significant than the
first critical speed one [34]. In this paper, only (39) is taken into account. For the SynRM
with laminated rotor, V) juax can be achieved over 200 m/s [35].

2.4.3. Saturation Constraint

The magnitude of the flux density is limited to B, since Equations (12) and (15)—(17),
in each magnetic part of the machine, stator yoke, stator teeth, rotor yoke and rotor teeth.

3. Design Optimization

In this part, the sizing methodology is presented. Because mass and material costs are
strongly correlated here, we have chosen the following two objectives: minimization of
the mass and minimization of the energy lost per cycle. Because the control strategy must
be considered, we propose here to present the case of a control strategy that minimizes
electrical losses at each working point. However, other strategies can be considered, such
as the maximum torque per ampere control obtained with i; = i;.

The optimization process is achieved by a two-step procedure consisting of optimizing
firstly the control variables (iyg, i04) and secondly the geometric ones (o, 7s, 1w, R, TR, p, B,
g1, &2). In the first step, the current variables are optimized to minimize the losses at any
working point of the cycle. Thus, the optimal currents obtained are analytic functions of the
geometrical parameters. These ones are optimized, in the second step, in order to minimize
both the average losses during the cycle and the mass of the motor. Figure 5 represents the
general flowchart of the optimization process.

3.1. D-q Axis Current Expressions

In the case considered, the expressions of the currents that minimize losses have to be
found. From (3), ix4(t) can be written:

2Tom(t) 1

ioq(t) B 3P(Ld - Lq) Z'od(f)

(41)

Substituting iy, into (6) and (7), the sum of copper and iron losses, at a given working
point, is expressed as a function of i,;(t) as follows:

2R Tom (1))

Plosses(t) = Ry(f)

(42)

1 < 2T (t)
igd(t) 3P(Ld — Lq

2
)> Z+i2,(H)Q+

where:

3 pQ(L\*  (pQ(D)L,)
Z_2<RC+RC< Ry(t) ) i Ry(t) > )
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Working Cycle

_3 pQ(HL\ | (pQ(H)Ly)
Q_2<RC+RC< Ry (t) > " Ry (t) ) #)

' | Pop. Size, . Nbr gen., Initial population |

| New generation |

geometry (r,, 1., %, R, Tr, 0, B, 91, §2)

Tem (E} iod opt (t); iaq opt (t) i i
At I 1zl

Fo(t) + Bng (1)
Ca.lc. Bsr(t), Bsy(t}l
By (£) [ Calc o0

1?”_‘5'-?_5__ Wiosses .'.B:g.t’.’!‘..B:sY!‘_"l lB_U:ql___ O: max

| Crossover, Mutation,...

l

| Elite selection |

Pareto optimal front
(MG,SS. WIosses)

Figure 5. General flowchart of the optimization process.

Equation (42) has a form f = x2Cy + (%)Cz with C; and C,, which are constant
and positive. It can be easily demonstrated that f is minimal and equal to 21/C;C; when
x?Cy = (%) Corx =y % Thus, the optimal value of i,4, noted iy4 op;, which minimize

the total losses Pyt (t) can be expressed as below:

2
. |z 2T
Tod opt(t) - Q <3P(Ld — Lq) ) (45)

3.2. First Objective Function

By substituting (45) into (42), the energy lost during the cycle W sses can be evaluated
uniquely from the d-q axis inductances L, and L;, and the resistances R and Ry, torque
Tem (t) and speed Q(f) of the working point as follows:

2
[T 2R T (1) () T 2Tom (1)
Wipsses _/O Wdt—i_/o 2 ZQ<M> dt (46)

3.3. Second Objective Function

Only the masses of the active parts are considered here. M;,,,, and M, are re-
spectively the mass of the iron and the mass of the slots (copper + insulating). They are
calculated since the volume and specific densities pj,,, and pg,; as below:

Miron = {n(Rz - R%}) + (1 - kt) n(R%u - Rg)} TLRR Piron

47
Mslots =kt H(R%U - R%) TLrRR Pslots ( )
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3.4. Design Optimization

In (46), the d-q axis inductances Ly, L, and the resistances R, R, are replaced by their
expressions (21), (26)—(28) respectively, so that the first objective function Wj,ss.s depends on
the time-independent optimization parameters (r,, s, rw, R, TLr, P, B, §1, §2)- The torque
and speed profiles are the inputs of the problem. To minimize the two objective functions,
the NSGA 1II [36] optimization algorithm is used here (see Figure 5). The NSGA Il is today
commonly used, and preferred to gradient-based algorithms, in the design optimization
of electrical machines because of its simplicity, its capability to find global optimum in a
multi-objective problem and a better convergence [37].

4. Application

In this part, the design method presented previously is applied to the design opti-
mization of a motor for a small urban electrical car. The speed and power profiles are
calculated from the specifications of the car and driving cycle. The chosen driving cycle is
the UDDS one. The standard UDDS cycle is made of 1380 points with one point per second.
To reduce the computation time and keep the correct dynamic behavior of the system, we
have reduced the cycle with one point every 5 s.

4.1. Car Specifications and Mechanical Model

We consider an urban car whose specifications are summarized in Table 2. From these
data and the speed profile (UDDS driving cycle) represented in Figure 6, the required
torque on the wheel can be found by means of the classical mechanical formula below
(assuming no incline):

do(t) 1 5
Pm(t) = Moenicle dt (t) + ECxSU (t) + 9'81Mvehiclef (48)
Table 2. Vehicle data.
Symbol Parameter Value
Wheel radius 0.27 m
Moyenicle Vehicle mass 500 kg
Cx Air drag coefficient 0.3
f Rolling resistance coefficient 0.01
S Frontal area 1.5 m?
G Gear box ratio 10
100
80 r
< E
g eof Z
g <
=1 g
Y st g
& =
201
0 | . | ! . . |
0 5 10 15 20 25 600 800 1000
time (min) speed (rad/s)

Figure 6. Speed and torque to the wheel profiles.

Based on these data, the main characteristics of the machine are presented in Table 2.
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4.2. Optimization Results

The constants used are given in the Table 3. The minimization of the Formulas (46) and
(47) is done by the numerical optimization algorithm NSGA-II, leading to a Pareto optimal
front. The number of generations and the population size are, respectively, chosen from
800 to 400. The result is obtained with an acceptable computation time of 2 h considering a
working cycle of approximately 4 h with 2770 points.

Table 3. Constant data.

Symbol Value
Piron 7800 kg/m3
Oslot 8900 kg /m?

o 50 MS
AO¢ max 70 °C
Bsat 1.7T
kag 1.5
kec 6.5 x 1073
ky, 15
" 05
t .
kr 1.25
ki, 0.85
Wi min 15 mm
Wy min 15 mm

To start, two cases are presented. In the first case, the working cycle is made of a
continuous series of 5 UDDS whose characteristics are given in Table 4. In this case, the
steady state thermal regime is reached. In the second case, the working cycle is made of
2 UDDS only with a long stop in between leading to an intermittent thermal regime. The
Pareto fronts of optimal machines are shown in Figure 7. Here, the consumption per cycle is
plotted (instead of Wj,ss,s) with the maximum temperature in the winding added for some
points along the front. For both cases considered and the lightest machines, the maximum
temperature is reached as illustrated in Figure 8. It should be noted that the mass of the
lightest machine is 23 kg for a sizing with the continuous duty while it is 19.6 kg for the
intermittent one. Thus, considering an intermittent operation allows to reduce by 18% the
mass of the machine. Conversely, consumption is higher by 10.5%. This result illustrates
the interest of the proposed method and its possibilities.

0.28 . ‘ . 0.32 : : : : : :
. . 9 =70°C
o 027y | < 03f 1
< 026 1 ~
C: |- 4
5 _g 0.28
B 0251 1 =
: E o026 |
5 0.24f i 2
: :
) 023 0 = 11.6°C R O 0241 0 = 10.3°C ) 10—°c
IDHTER QI @D) WL [0 DOO® @DO OO CO Oﬂ
022 . s ‘ ‘ . ‘ . 022 ‘ . ‘ ‘ . ‘
20 25 30 35 40 45 50 55 60 10 20 30 40 50 60 70 80
Mass (kg) Mass (kg)
(a) (b)

Figure 7. Pareto optimal front with temperature elevation in continuous (a) and intermittent (b) duties.
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Table 4. Specific data of motor torque-speed profiles with a gear box ratio G = 10.
Symbol Parameter Value
Priax Maximal power 10 kW
Tem max Maximum torque 21.3 Nm
Tom eff Effective torque 5.1 Nm
Niax Maximal speed 8913 rpm
Nefs Effective speed 2700 rpm
Ny Average speed 1525 rpm
. . 100 . . . . .
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Figure 8. Working cycles and temperatures in continuous (a); and intermittent (b) duties.

4.3. Optimal Solution Selected: Analysis and Validation

To validate the model used and the proposed design methodology, we propose to
select the lightest machine with a steady state thermal regime as the optimal machine.
Table 5 shows the geometrical parameters and the main performances of the optimal motor.
The mass of the optimal motor is 23.1 kg, which represents 4.6% of the vehicle mass. During
operation () # 0), the average efficiency of the SynRM is 95% (excluding mechanical
losses). The motor current can be deduced with a given number of turns per phase per pole
ns. The number of turns is chosen considering a maximum voltage of the power electronic
converter at 48 V. Such a parameter could be optimized with the power electronic converter
in the design process and will be discussed in a further work. Figure 9 represents the locus
of optimal d-q axis stator currents and voltages during one cycle. It shows clearly that,
whatever the working point, the control strategy that minimizes electrical losses leads to
a control at a constant ratio i;/i; and a current angle ¢ = 44.7". The optimum control
strategy found here is practically the MPTA (i = 45) control. This result is due to the fact
that iron losses remain low compared to copper losses. The stator flux densities during
one cycle, with the respect the saturation limit in the teeth and in the yoke, are shown
in Figure 10.

Table 5. Optimal geometry data and optimal performances of the motor.

Symbol Value
14 1
ro = Ry/R 0

rs = Rs/R 0.469
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Table 5. Cont.

Symbol Value
rw = Ry/R 0.766
R 83 mm
L 90 mm
p 57°
81 3.5 mm
o 20.4 mm
Bsm 0.85T
Bsym 17T
Bstm 17T
Brm 17T
Ng 4
Ls ¢ f@ Tem max 532 A
Jeff @ Tem max 10.5 A/mm?
cond 49 mm?
< P(t) > /cycle 160 W
< Pug(t) > /cycle 10W
2.51

Lyi/Lg

I, (&)

Figure 10. Maximum flux densities versus time in the stator yoke and stator teeth.

0.05 0.1

The performances of the optimal motor given in Table 5 has been validated by a 2D
element finite analysis (with the free software program FEMM 4.2). Table 6 summarizes
these results. A magneto-static simulation has been used which the current density is
imposed. On the outer stator radius, the Dirichlet’s boundary is applied (A = 0). The FEA
assumes the actual BH curve for steel grade M270-35A (see Figure 11).
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Table 6. Analytical and 2D FEM results.

Analytical model 2D FEM Variation

Tem max 21.3 Nm 19.7 Nm —8.6%

Po 0.14 mH 0.15 mH/m?2 +6.8%

ff%ﬂz P, 011 mH 0.125 mH/m? —4%

N = 1556 rpm Bsm 0.85T 0.86T +1.2%
Bsym 17T 1.72T +1.4%

Bstm 17T 1.71 +0.8%
Brm 17T 158 T —7.8%

@
Nyax = 8913 rpm Prg 32.7W 305W —7%

I, =289 A

B(T)

0.8

0.6

0.4

0.2

606000 O0GeooTg

avg(Bsym) = 17T

avg(Bsem) = 1.71T

avg(B,,) = 1.58T

1.900e+000 :
1.800e+000 :
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Figure 11. M270-35 A Flux lines and flux density distribution at full load.

Figure 11 shows the flux density with the flux lines at the maximum electromagnetic
torque. It can be seen that the flux densities in the magnetic parts remain in acceptable limits
with respect to the saturation limit considered in the analytical calculation. In Figure 12,
the evolution, with the position of the rotor, of the average values of the maximum flux
density along the considered cross section (black dotted lines) are plotted in the stator yoke
and rotor tooth. At the maximum torque the variation between the mean value (red dotted
lines in Figure 12) obtained by the FEA and the analytical calculation is 1.4 % for Bsym, 0.8%
for Bsty and —7.8% for B,y,. Figure 13 presents the results relating to Py and P;. Ratios
between airgap surfacic permeance values obtained by the analytical model and by the
FEM are plotted for different positions of the rotor at the maximum electromagnetic torque.

2 2
[5]
g? /OCS%%Q (‘yf? ‘%_9_4 R & &
FRETITENY o & S0 o} B £
151 19 o e % 150 &g P &
e =) 3)
g 1 g 1 1
3 G g
M Mm /M
05 0.5 0.5
0 0 0
0 100 200 300 0 100 200 300 0 100 200 300
0, (°) 0. (%) 0. (°)

Figure 12. Maximum flux densities at T,y; max With the position:
(Bstim) and rotor tooth (Byy,).

in the stator yoke (Bsym), stator teeth
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Figure 13. Comparission between analytical and FEM airgap permeances Py and P;.

4.4. Comparison of the Proposed Method and Classical One

In order to compare the result obtained with the proposed method and the optimiza-
tion obtained by the use of the classical technique we have considered the drive cycle
reduced to eight points and optimized the machine since these eight points. Each point
is weighted by its density of probability (ratio between its energy weight and the total
energy consumed on the cycle). The result obtained is a machine that is 7% heavier (24.9 kg)
for a heating calculated on the basis of the eight weighted losses. However, the thermal
simulation of this machine over the cycle shows that the maximum temperature is not
reached (see Figure 14b), which shows that the optimization over the reduced cycle leads
here to an oversizing of the machine.

70 Eaax— T T T T . :
T
c
60 - T
i T
y
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=
B
©
5 30t 1
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(a) (b)

Figure 14. Equivalent torque-speed (a); and thermal behavior of optimized machine considering the
reduced cycle (b).

5. Conclusions

In this paper, a pre-design optimization method that considered both torque and speed
profiles, applied to the case of the SynRM, was presented. While the classical methods
presented in the bibliography used an energetic approach to take into account the driving
cycle, the method presented here, by its temporal approach, keeps all the operating points
which obtains a more efficient sizing by a better management of the constraints, such as
the thermal constraints and the control strategy. An application of the proposed method
to size a motor for an urban car and the driving cycle UDDS was then carried out. The
analysis of the optimal motor selected shows a good agreement between the analytical
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model used in the optimization process and the 2D FEA. It should be noted that even if
the magnetic model is quite simple, the results obtained in this first approach are quite
good for a pre-dimensioning. In future work, a more efficient model integrating both the
saturation of the magnetic material and the power electronic converter will be presented.
Thus, in the next paper, the consideration of magnetic saturation by the use of a reluctance
network model will be presented. For the power electronics converter, in addition to the
constraints on the sizing of the machine, losses in the power components will be integrated
in the objective function in order to maximize the energy efficiency of the whole power
chain conversion.
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Abbreviations

B magnitude of the resulting airgap flux density [T]
Bgsat Flux density at saturation [T]

Bsm magnitude of the airgap flux density [T]

Bstm magnitude of the flux density in the stator teeth [T]
Bsym magnitude of the flux density in the stator yoke [T]
Cx equivalent heat capacity of material x [J/kg.°C]

Cx air drag coefficient

Es stator magnetomotive force [A]

f rolling resistance coefficient

G gear box ratio

91 minimum airgap thickness [m]

0 maximum airgap thickness [m]

heo heat transfer coefficient [W/m2.K]

ig—q d- and g- axis currents [A]

I rms stator current [A]

] current density [A/ m?]

kad additional magnetic loss coefficient

ke Carter’s coefficient

kec eddy currents specific loss coefficient

kg slot fill factor

ky, hysteresis specific loss coefficient

kr coefficient for correcting active length due to end winding
krd coefficient for correcting the d—inductance with saturation
ky bearing stiffness [N/m]

k¢ tooth opening to the slot pitch ratio in the stator
ksw winding factor

L active length [m]

Ly d—axis inductance [H]

Ly g—axis inductance [H]

Menicie  mass of the vehicle [kg]

Mot slot mass (copper + insulating) [kg]

Miron iron mass [kg]

1 number of conductors/phase/pole for the stator
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p number of pole pairs

P. copper losses [W]

Posses  Total electrical losses [W]

Pern electromagnetic power [W]

Prg iron losses [W]

P surfacic permeance [H/ m?]

Prmax maximum value of the surfacic permeance [H/ m?]
Prin minimum value of the surfacic permeance [H/m?]
Po average value of the surfacic perméance [H/ m?]
P41 magnitude of the first harmonic of the surfacic perméance [H/ m?]
R external radius [m]

R, winding resistance [(]

Ts reduced inner stator winding radius [m]

Tw reduced stator winding radius [m]

70 reduced internal rotor radius [m]

Ry iron loss resistance [(}]

R conduction thermal resistance [W/K]

Reo convective thermal resistance [W /K]

S frontal area of the vehicle [m?]

S external surface [m?]

Se section of conductors [m?]

Sw section of one slot [m?]

t time [s]

Tem electromagnetic torque [Nm]

Vg—g d- and g- axis terminal voltage [V]

Volg; volume of the stator teeth [m?]

Volsy volume of the stator yoke [m3]

Vp peripheral speed of the rotor [m/s]

v speed of the vehicle [m/s]

Wi stator tooth width [m]

Wy stator yoke thickness [m]

Wigsses  energy lost per working cycle [J]
Zs number of slots

B electrical rotor pole arc [rad]

1) skew mechanical angle (rad)

0 Angle with the reference axis [rad]

6 temperature elevation in the winding [K]
0y position of the rotor (rad)

A thermal conductivity [W/m.K]

P current angle [rad]

Piron iron density [kg/m3]

Pslots Slot material density [kg/m?3]

Oc electrical conductivity [S]

TR active length to outer stator ration (L/R)
Ts stator slot pitch

(@) mechanical angular velocity [rad/s]

w Angular frequency [rad/s]
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