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Abstract: This study presents a rapid sizing technique for interior permanent magnet (IPM) machine in traction application
considering saturation effects. It is demonstrated that with limited computing resources, sizing, parameters considering
saturation effects, and efficiency maps (loss maps) of an IPM machine can be generated within seconds with acceptable
accuracy in comparison with finite element study and measurements. Thus, the proposed rapid sizing method is highly essential

at the preliminary design stage of electric vehicle powertrains.

1 Introduction

Due to their high efficiencies, permanent magnet synchronous
machines (PMSM) are widely employed for traction applications
[1]. However, because of the relatively lower energy density of
batteries directly affecting the vehicle range and cost, electric
vehicle (EV) powertrains should be very carefully optimised and
matched to the vehicle and its corresponding operating cycles. For
traction application, interior permanent magnet (IPM) machine is
often employed due to its high capability of field weakening
operation [2]. Unfortunately, IPM machine is well known for its
high non-linear characteristics that often require extensive finite
element (FE) analysis for a specific geometry. Therefore, the
development of a tool for the rapid sizing and generation of IPM
machine non-linear characteristics together with its efficiencies
(loss maps) is essential to facilitate the initial design stage of EV
powertrains [3].

In this paper, a rapid sizing method for IPM machine
considering electrical steel saturation effects is presented. It is
noted that a similar technique can be applied for sizing of surface-
mounted permanent magnet (SPM) machine. First, based on the
EV specifications, maximum power and maximum speed required
of the specific vehicle over a given driving cycle can be obtained.
Under the assumption that the traction machine driving this EV
may be often implemented with short-period overload up to two
times and with operated speed three to five higher times of its base
speed in the flux-weakening (FW) region, continuous rated torque
and base speed of the required traction machine can be
approximated. However, it is noted that the torque—speed
characteristic can be also be defined by the powertrain developer.
Then, the relevant optimum pole pair and stator slot number are
selected. Based on the maximum achievable specifications of
utilised materials (copper current density, electrical steel flux
density, and air gap flux density) at this continuous rated torque
and base speed operating point, dimensions of the studied IPM
machine including stator stack length (Lgy), outer stator diameter
(Dys), inner stator diameter (Djs), and outer rotor diameter (D)

can be evaluated for maximum torque per machine volume
achievement with a specific machine efficiency. From these
obtained dimensions, stator geometries (slot depth, yoke depth,
tooth width etc) can be determined to satisfy the selected air gap
flux density. Then, the current limitation of the machine together
with the stator winding turn number can be derived to satisfy the
required electromagnetic torque. Using this turn number
considering achievable current density associated with the cooling
method, stator inductance and stator resistance can be computed. In
addition, DC link voltage V4. of the machine is often selected to
balance machine voltage at base speed under peak torque demand.
As traction machine in the EV will be driven via battery in the
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electric operating mode, there is often a current and voltage
limitation associated with the employed battery pack. These values
should be considered to finalise the maximum current /;;,,, and DC
link voltage V.. In the rotor side, magnet pole—arc angle value is
selected to minimise total harmonic distortion of air gap flux
density [1], whereas the iron bridge length is analysed to withstand
its own centrifugal force and that of the inner magnets [4]. On the
other hand, the magnet length is determined to achieve the required
air gap flux density, ensure demagnetising protection, and maintain
the saliency factor for the achievement of the required reluctance
torque. Then, required magnet volume can be derived. After stator
and rotor geometries of the studied IPM machine are defined,
machine dg-axis inductances together with PM flux linkage
considering saturation effects can be derived via iterating B—H
curve of the employed electrical steel material [S]. Using these
non-linear machine parameters, machine efficiency map together
with relevant loss maps can be obtained [3]. In practice, with
limited computing resources, all the aforementioned steps can be
completed within seconds with acceptable accuracy compared with
FE study and measurements.

2 Proposed sizing concept

The purpose of the proposed method is to rapidly generate sizing of
an IPM traction machine with a torque—speed characteristic
considering material saturation with reasonable accuracy.

2.1 Common dimension sizing

In this section, sizing of common dimensions for an IPM traction
machine including inner stator diameter (D), outer stator diameter
(Dys), and stator stack length (/g) is presented. Generally, these
values should be selected for the traction machine to maintain a
specific operating torque and speed range required over a specific
driving cycle. According to [3], based on the specifications of an
EV, the total tractive effort (Fi.) and its components over a specific
driving cycle can be derived as

Fe=Fyr+Fuyu+Fg+Fy
where Fy; = pmygcos(@)

Fu= paierAl'Vz/2

Frg = mygsin(a); F1, = mya

(M

Fyr, Fag, Frg, and Fi, are the rolling resistance force, aerodynamic
force, road grade force, and linear acceleration force, respectively;

Iy 18 the rolling resistance coefficient; my is the vehicle mass; g is
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Fig. 1 Toyota Prius 2004 specifications [3].

(a) Powertrain. (b) Relevant torque and power demand over NEDC

the gravitational acceleration; p,;; is the air density; Cg is the drag
coefficient; Ar is the front area of the vehicle; v is the vehicle
speed; and o is the road angle.

The total tractive effort in (1) must be balanced by the
generated traction machine torque 7, and relevant power demand
Py applied to the EV wheels shown as

Ts = ryncelc = ”gngTe; Pie = o Te (2)

where ryheel is the wheel radius; ng is the gear ratio; and 7, is the
gear efficiency, respectively. By way of example, using the
specifications of Toyota Prius 2004 shown in Fig. la assuming that
road inclination angle to be zero and the vehicle operation is in
pure electric mode [3], the required traction machine torque and
power over the NEDC can be derived in Fig. 15. Based on
maximum demanded torque, power, and speed of traction machine
over NEDC extracted from Fig. 1b, maximum torque To(max);
continuous rated torque Tp(rated); maximum speed @,(max); and base
speed we(pasey Of the employed traction machine can be defined
assuming that a two-time short-period overload and an operated
speed higher than five times of its base speed in the FW region.
However, it is noted that the torque—speed characteristic can be
also be defined by the powertrain developer. Using the obtained
base and maximum speed, the number of pole pair 7, machine slot
ngy, and air gap length /, can be defined via a compromised
selection based on dynamic balance, operating loss maps, and
machine type (IPM, SPM...). Also, based on the selected machine
type, PM material, and electrical steel material, air gap flux density
value B, together with core flux density B at the rated torque can
be defined. It is noted that B, value should be selected lower than
the knee point value in the B—H curve, a factor associated with the
required overload capability. Furthermore, relevant maximum
current density J,,, at the continuous rated torque can be determined
based on utilised cooling method [6]. Moreover, the pole—arc angle
@, can be defined for minimising the total harmonic distortion of
IPM machine air gap flux density [1]. [llustration of IPM machine
dimensions can be seen in Fig. 2, where /;; is the magnet length; /,
is the air gap length; sqp is the slot depth; sy, is the slot wedge
height; 74, is the tang depth; Z,, is the tooth opening; #yq is the

2

g »lle

D,,/2 L

Fig. 2 Geometries of studied IPM traction machine

tooth width; and yyq is the yoke width. It is noted that based on the
number of tooth per pole, there is a relation factor &y, between
tooth flux density B and the yoke flux density B,y with Be(,)=
koyBe [7]-

According to [7], for given air gap and core flux densities, there
is an optimum split factor kor=(Do/Dys) to achieve maximum

torque per machine volume as shown in (3). On the other hand, it is
well known that IPM machine torque is contributed by both the
electromagnetic torque ey shown in (4) with &, and Ay is,
respectively, the fundamental winding factor (relying on winding
arrangement) and the slot packing factor (around 0.4-0.6) together
with the reluctance torque Ty (discussed later in the next section).
By assuming that each torque component equally contributes to the
machine rated torque T(rateqy and the current angle f referred to the
g-axis at this rated torque is approximated as around 40°—45° [2],
(3) and (4) can be solved to derive the relationship between D,
D, and Iy

kot = [( = 3bot/2) = \/(3bot/2)" = 8at |/ (4acs) )

where ay = y4x[n/ (ngitkiny) + 11/ (naikiny) + 2y — 1
bot = — dyn/(ngkpy) — 2y
y = B,/B;
Tem = 7 kutkokBe/mDoslsaDor fof/ (16/2)

“4)

where  for = aofk?)f + botkor + 1;

In addition, for the traction machine under consideration, its
operation at base speed and continuous rated torque should
maintain a specific efficiency ep,se leading to (5) where the

computation of copper loss Pjas and core loss Pf. are expressed in
(6) and (7), respectively:

Ploss = Plc(;lss + Pﬁ)ss = (I — epase) Poase (5)
Plc(l)'lss = (”kpk']snpcufofD(z)s/S)[2lstk + Disﬂz/(znp)] (6)

where Djg = Do, + 21,

Pﬁ)ss = (ﬂ/4)(DK2)S - Dlzs - D(Z)sfof)lstkpcwc(fs B.) (7)

where p. is the core mass density (kg/m?®) and w, is the
manufacturer core loss data (W/kg) with core flux density and
operating frequency f as its inputs, see Fig. 3.

Solving (3)—(7) results in common dimensions D, Djs, Dy,
and /gy for the required IPM traction machine to achieve a specific
base speed, continuous rated torque, and relevant efficiency value.
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Fig. 3 Manufacturer core loss data with operating frequency and flux
density as its inputs, M270-354

Fig. 4 Equivalent lump parameter magnetic circuit of studied IPM
traction machine [8]
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Fig. 5 Actual rotor and equivalent outer ring for studying of centrifugal
force

2.2 Stator sizing

The stator sizing mainly focuses on computing stator geometries
shown in Fig. 2 together with defining the maximum current /,y,

the phase winding turn number 7, and the relevant DC-link voltage
V4. First, the tooth width and yoke width can be derived via the
relationship between tooth flux density By, yoke flux density
B(y), and air gap flux density in (8) and (9), respectively.

BC(I) = BgﬂDis/(nslltwd) (8)
By, = ByDis/ 2npyya) )

Using the obtained yyq and tyg4, relevant tooth depth value can be
derived as

Tapt = [(Dos — Dig)/2] = Ywa (10)

The tooth opening ¢, can be selected as two times of coil strain
diameter for manufacturing purpose. The tang depth ¢4, value can
be selected to be equal to f,,. The slot wedge sy, height depends
on the employed slot wedge material.

J. Eng.

As aforementioned, the total torque of the IPM machine is
contributed by Ty, and Ty; (11). In (12), the relationships between
Tems Im»> and n; are presented. In addition, by defining a saliency
factor ¢ between d- and g-axis magnetising inductance (13),
relevant relationship between Ty, and I, together with n; can be
derived in (14) where [y, is the equivalent air gap in the g-axis
considering leaking and fringing effects. This equivalent air gap
can be approximated with a given leaking and fringing factor. By
assuming an equal contribution of electromagnetic torque and
reluctant torque to the machine rated torque together with setting
relevant current angle f around 40°—45° [2], (11)~(14) can be
solved to derive I, and n,. Based on the obtained n; stator
resistance 7 and leakage inductance Ly, can be computed [6]. For a
two-time short-period overload capability, the maximum current of
the studied IPM traction machine neglecting saturation effect /.
can be considered as 2/,

To=Tem+ Ty (1

Tem = 3nplymCos(B)/2;  yin = ki By Diglsuc/ mp (12)

ELmd = Lings  Ling = 3HomDilsac(kniny)* 1 (8lgpny,) (13)

T = 3np(& = DLinglmsin(2)/ (48) (14

In practice, as traction machine in the EV will be driven via a
battery pack in the electric operating mode, the DC link voltage
value V4. can be determined in advance considering current and
voltage limitations associated with the employed battery pack.
However, a minimum V. required to balance machine voltage at
base speed and peak torque can be determined using (15), where
ki 1s the maximum modulation index of the employed machine
drive [2] and vy, is the machine voltage associated with the total air
gap flux density. The current angle £ at that peak torque still can be
selected from 40°—45°.

Vdckmi - rslmax > Vm (15)

where  yy = — L.Sin(f)(Lix + Lma) + Wy

l[/q = Immxcos(ﬂ)(le + l’mq)

_ 2 2
Vm = Wepase\ Wa T Wq

2.3 Rotor sizing

The purpose of the rotor sizing step is to define appropriate magnet
length [, to provide the air gap flux B,, ensure demagnetising
protection, and maintain the saliency factor & for a given reluctance
torque achievement. According to [8], equivalent plump parameter
magnetic circuit of one-half machine pole pair is illustrated in
Fig. 4, where R, Ry, Rp, Ry, Ry, and Ry, are the stator reluctance,
air gap reluctance, rotor bridge reluctance, rotor section on top PM
reluctance, rotor flux barrier reluctance, and rotor section on
bottom PM reluctance, respectively, see Fig. 5. Using this circuit,
the air gap flux density can be expressed in (16), where ki, is the
total leakage factor, kq; is the reluctance factor, p,, and By, are the
relative permeability and remanent flux density of the selected PM
material, respectively. Details of magnetic circuit analysis and
computing of kjxg and k¢ can be found in [8]

Bg = klkger(apa/ﬂ)/[l + (krltklkg”mrl;?c;/)/lm)] (16)

On the other hand, the magnet length should also be selected to
avoid demagnetising when /,,,, is applied in the opposite direction

of PM flux as shown in (17), where B,l;‘} corresponds to value at the
knee point in B—H curve of the selected PM material

By — Bit > ki pioul ! (7 lgg) (17)
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Rearranging (17), relevant /[, value can be obtained via solving

(18)

alml,z,, + byl + i =0 (18)

kn
where a, = flml — By

b = Hoe( Frmls = fims) = Binfima = Hinelia)
Cm = = HoneSrmo(fims + Birle)

Sim = kikgBur

Sime = kudkikghmed 0pal @

Fims = V2o korDas for! (871,

In addition, the magnet length also should be determined to
maintain a specific saliency value for a specific reluctance torque
achievement. According to [6, 9], d- and g-axis inductance of the
IPM machine can be computed using (19) and (20), where P, is

the effective magnet permeance associated with /,
Ly = Lix + Ling = Lix + 3Lsitakaq! 2 (19)
Ly = Lix + Ling = Lix + 3LsitgKaq/2 (20)

(4/m)sin(afym/2)[ab; + sin(afy )/ 7]

where kg =1 — T+ PRy

kog = ofy — [sin(aBy7)/ 7]

After solving (16), (18)—(20), I, is selected as the maximum value
obtained.

On the other hand, the bridge length of an IPM machine rotor
should be chosen to withstand its own centrifugal force and that of
the inner magnets, see Fig. 5. According to [4], by defining an
equivalent outer ring area Aqqy With similar minimum bridge length

lpgg and an equivalent mass density peq, represented for the bridge

area associated with the covering outer rotor core area and A/ the
magnet area A, shown in Fig. 5 (21), the new equivalent outer ring
must withstand the original centrifugal force as shown in (22),
where 6ycqy) 18 the equivalent tangential stress, koys is the over
speed factor, and oy(mayx) is maximum yield strength of selected
electrical steel material

Peqv = PlAsm + Agm‘)/Aeqv (21)
Oteqv) = (Dor — lbdg)zwiaxk(zyvs/’eqv/ 4 = O/ 2 (22)

2.4 Consideration of saturation effects on material

After all machine dimensions have been determined, machine
parameters including stator resistance, dg-axis inductance (19) and
(20), and PM flux linkage (12) will be calculated using the
obtained geometry values. It is noted that the IPM machine is well
known for its non-linear characteristics due to its small air gap

4
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length. Thus, the iterative process introduced in [5] is utilised using
B-H curve of the selected material, see Fig. 6, to analyse the
saturation effects in the studied machine characteristics.

3 Validation of proposed concept

The proposed method is validated using Toyota Prius 2004
specifications [3] over the New European Driving Cycle (NEDC),
see Fig. 1, with measurements taken from [10] as a benchmark.
M270-35A and NdFeB (N4025) are, respectively, selected for
electrical steel and PM materials. By assuming during the NEDC
driving cycle, the studied vehicle is driven by an IPM machine of
which both electromagnetic torque and reluctance torque equally
contributes to its rated torque at base speed with around 90%
efficiency achievement, machine geometries, parameters
considering material saturation effects, and operating efficiency
maps can be generated within seconds using the proposed sizing
method. For a given torque—speed operating point, machine core
loss, copper loss, and efficiency can be computed via (23)—(25).
Relevant dg-axis currents at a given torque—speed operating point
shown in (24) are calculated via the control method presented in [2,
3]

P lcoss = w(f, Bc)mcs: = Wé(f P ch)mgm + W?:(f ) Bco*))'"é(y) (23)

where m is the stator core mass; mg, is the stator core tooth mass;
and m,y, is the stator core yoke mass

Pioss = 3(ig + ip)ry/2 (24)
e = [Tewn!(Tewy + Plcc;lss + Plcoss)] (25)

Main geometries of the MG2 Toyota Prius 2004 traction machine
[10] and the proposed technique results are presented in Table 1,
where it is shown that there is a good match in sizing between the
proposed method and the MG2 (maximum 4% difference for stator
resistance). To further verify the proposed technique, FE package is
employed to analyse the studied IPM machine characteristics using
obtained machine geometries from the proposed method. Fig. 7
shows well-matched results between the proposed technique and
the FE study. In Fig. 8, torque waveform at the continuous rated
value (200 N m) and the peak value (400 N m) under FE study are
also presented with relevant current angle S as 47° and 48°,
respectively. Using these values, it can be demonstrated that the
electromagnetic torque considering saturation effect, respectively,
contributes up to 64% and 45% of the rated and peak torque of the
studied IPM traction machine torque. In addition, no-load loss
(core loss) from the proposed method is also well validated with
both FE and measured results [10], see Fig. 9.

In Fig. 10, well-matched current magnitude between the
proposed technique, see Fig. 10a, and measurement [10], see
Fig. 10b, over the speed—torque operating range can be observed.
By comparison machine efficiency maps between the proposed
technique in Fig. 11a and measurement [10] in Fig. 115, the
efficiency of the proposed rapid sizing method can be highly
demonstrated. It is noted that with a limited computing resource, it
is only taken <1 min for the proposed technique to complete the
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Table 1 Comparison between the proposed concept results and MG2 Toyota Prius 2004 [10]

Specifications MG2 Toyota Proposed concept Diff., %
power, W 50,000 50,552 1.104
maximum speed, rpm 6000 5994.5 0.917
peak torque, Nm 400 402.65 0.6625
Dgos, mm 269 270.42 0.5278
Dis, mm 161.9 160.33 0.9697
Dor, mm 160.5 158.9 0.9968
Vin, cm3 163.2 163.41 0.1286
sk, MM 84 83.78 0.261
number of turns 72 72 0
rs, Q 0.069 0.066 4.348
N [ —Proposed concept,
_‘3} OFE study
5 &
4 g
g o
E3 i} -
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Fig. 7 Machine parameters considering saturation effects.
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Fig. 8 Torque waveform and relevant current magnitude at rated torque
and peak torque demand from FE study

sizing (Table 1), compute machine parameters considering
saturation effects (Fig. 7), and generate relevant operating and
efficiency maps [shown in Figs. 10a and 11a].

4 Conclusion

This paper presents a rapid sizing method for IPM traction machine
considering saturation effects. It has been demonstrated that with
limited computing resources, sizing, parameters considering

J. Eng.

Fig. 9 Comparative no-load loss results of the proposed concept, FE, and
measurement [10]

saturation effects, and efficiency maps of an IPM machine can be
generated and the efficiency of the machine can be estimated over
the NEDC cycle, e.g. within seconds with acceptable accurateness
in comparison with FE study and measured results. The proposed
rapid sizing method is highly essential at the preliminary design
stage of EV powertrains.
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