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DESIGN OF THE ELECTRIC MOTOR WITH PERMANENT MAGNETS
FOR ELECTRIC VEHICLE ACCORDING THE DRIVING CYCLE
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The results of modeling a permanent magnet motor are given, which can be used instead of an internal combustion
engine for mini cars. The dimensions of the magnetic system of the electric motor and the values of the electromagnetic
torque are determined, taking into account the mass and dimensions parameters of the electric vehicle and the
European driving cycle. The optimal thickness of the magnets is determined, at which the specified value of the
electromagnetic moment is ensured, as well as the optimum performance of the circulation pump, at which a given
current density and optimal liquid cooling are provided. All calculations are performed in MotorSolve and Magnet,
provided by Infolytica. References 4, figures 6.

Keywords: electric motor with permanent magnets, driving cycle, optimal geometry of the rotor.

When designing electric motors for electric vehicles, it should be taken into account the driving cycle, which
describes the movement of the vehicle in the city and outside the city (engine operation in the minimum speed mode,
starting and acceleration to a certain speed, braking the engine from one speed to another or to a complete stop) [1].

The European driving cycle NEDC (New European Driving Cycle) consists of two parts. The first part of the
cycle is the urban driving cycle UDC (Urban Driving Cycle) which consists of four identical blocks with a duration of
195 seconds each. According to this cycle, the vehicle is accelerated to a speed of 18-32-50 km/h. Country traffic is
described by a separate block of the EUDC (ExtraUrban Driving Cycle) with a duration of 400 seconds and speed
change between 70-50-100-20 km/h [2].

The purpose of the research is to determine the main parameters of the electric motor with permanent magnets
(the dimensions of the magnetic system of the stator and the rotor, the number of turns of the stator windings, the
supply voltage, the electromagnetic torque), which ensure the movement of the electric vehicle with the specified
overall dimensions and weight, taking into account the driving cycle. In this case, the optimum dimensions of the
permanent magnets of the electric motor and the optimum conditions for liquid cooling are determined.

As initial data for calculating the electric motor, the parameters of a mini-class car were taken, for example,
Tavria, Citroen C1, Ford Fiesta: full mass of electric vehicle m = 1500 kg; coefficient of air resistance for the chassis
Cx = 0.3; the area of front view of the chassis is S = 1.93 m?; the radius of the driving wheel is r = 0.273 m; gear ratio of
main mechanical transmission U, = 7.94; rolling friction ratio f = 0.018. The following forces act on the vehicle while
moving: traction force of driving wheels, frictional force of wheels rolling, strength of resistance to lifting, air
resistance force, resistance to acceleration (inertia force). Taking into account the above parameters and the forces
acting on the electric vehicle during the movement, the rotor speed and the torque on the rotor shaft of the electric
motor are determined.

Fig. 1 shows the dependences of the motor torque and the rotor speed for the urban driving cycle, calculated
when electric vehicle moves up a hill (road slope o = 12%) and on a straight section of the road (o = 0%), and Fig. 2
shows the same for suburban driving cycle.
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It should be noted that at one of the sections of the urban driving cycle (t =15 + 17.5 s), acceleration to a speed of
15 km/h in 2.5 seconds is performed. In this section, when moving uphill with a slope of a = 12%, the electric motor
should provide the largest torque, equal to T (o = 12%) = 170 Nm but when driving on a straight line segment (o = 0%),
the torque should be 1.6 times smaller - T (a = 0%) = 65 Nm.

On sections with a constant speed of movement when moving uphill with a slope of 12%, the torque should be
more than 6 times greater than when driving on a straight section: t =17.5 + 22.5 s, V = 15 km/h, T, = 1204y = 75.5 Nim,
T=0% =101 Nm; t=62.5+85s,V=32km/h; T =120 =76.4 Nm, T (=% = 11 Nm. For a country driving cycle,
the peak torque is T (o = 12%) = 111 Nm. For this driving cycle, the electromagnetic torque of the motor must be 4 + 6
times greater when driving uphill. Thus, the motor must be designed to provide the peak torque value that is observed
for one of the sections of the urban driving cycle and is equal to 170 Nm.

When determining the main parameters of the electric motor, the configuration was used with a tooth-slot
stator and a rotor with tangential magnetization of permanent magnets, which, as shown by previous studies, has the
best specific characteristics [3,4]. The configuration of the magnetic system of the models under study and the
distribution of the magnetic field are shown in Fig. 3. In all studied models, the stator has the same configuration and is
identic to the stator of the standard asynchronous motor AIR112MBS, that has an outer diameter D, = 191 mm, the
internal diameter of the stator is D; = 132 mm, the number of slots Zp = 48 and the height of the slots hy = 18.1 mm, the
length of the core stack lg.. = 130 mm. The air gap between the stator and the rotor is & = 1.5 mm.

Since neodymium permanent magnets are the most expensive material of all used in the production of electric
motors, the influence of the thickness of magnets on the characteristics of the electric motor was investigated. To
determine the optimum thickness of the magnets at which the electromagnetic torque is the largest, the simulation of the
magnetic field and the calculation of the electromagnetic torque in the Infolytica MotorSolve were carried out for
several values of the thickness of the magnets. The initial data for the calculations is as follows: the stator windings are
connected in a "Delta"; the number of coils of one phase of the stator is 4, the connection of the coils of one phase of
the stator is parallel; the number of turns in the coil — w = 9; battery output voltage — Uy, = 400 V; maximal phase
current — I, = 400 A; maximal current density in the phase is J;, =18 A/ mm?; the stator magnetic core is steel
ST2211; rotor core is steel ST20; permanent magnets — N40SH (residual induction is Br = 1.3 T, operating temperature
is 150 °C, magnets dimensions are 15 x 130 mm). The calculation is made for four values of the thickness of the
magnets: h = 5 mm (model M1); h=10 mm (model M2); h=15 mm (model M3); h=20 mm (model M4). Fig. 3
shows the magnetic field distribution for the four studied models.

The dependency of the electromagnetic torque on the thickness of the magnets that is provided on Fig. 4 shows
the speed of increasing torque is lower at magnet thickness h =15 mm. This is confirmed by the dependence of the
difference between the subsequent and previous values of the electromagnetic torque on the thickness of the magnets —
T (i+ 1) — Ti = f (h). The optimal value of magnet thickness is h = 17.5 mm for these models, but as usually magnets are
provided have thickness of a multiple of 5 mm, that is why the thickness h =15 mm is considered as optimal for all
calculations represented below.
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It should be noted, at a maximal current density J,, = 18 A/mm2 and a magnet thickness h =15 mm, the
highest electromagnetic torque is T =180 Nm, that is higher than the peak value of the electromagnetic torque
according the urban driving cycle. To ensure the operation of the motor with increased current density, it is necessary to
use liquid cooling with forced circulation of the cooling liquid. The cooling system is a series of channels located
evenly over the entire outer surface of the motor housing and oriented along the axis of motor rotation. Through these
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channels, a coolant (water) is pumped by the circulation pump. Moving along the channels of the cooling system, the
coolant takes away the heat generated by the windings of the motor.

The temperature of the motor parts (windings, magnets, steel cores, shaft, housing, bearings) was calculated in
the Infolytica MotorSolve taking into account the cooling system when motor operates according to the European
driving cycle. Initial data for thermal calculation: the ambient temperature T, = 20°C, the temperature of the cooling
liquid at the inlet channels is T;, = 40 °C; the number of channels is ng, = 60; the number of parallel paths in the cooling
system is n, = 60; the cross-sectional shape of the channel is round; the diameter of each channel is d., = 3 mm. With
the aim of determining the optimal cooling conditions in the heat calculation, the performance of the circulation pump
was varied in the range: Q = 1 + 5 lit/min.

Fig. 5 shows the dependency of the temperature of the permanent magnets of the motor M3 on the capacity of
the circulation pump. The temperature of the windings, as it is shown by calculations, is 4+5 °C higher than the
temperature of the magnets. Fig. 5 shows the temperature of the magnets only.

If forced cooling is absent the magnets temperature rich 130 °C during 120 min of driving cycle and magnets
temperature can be higher if operation time is longer so the magnets can be demagnetized irreversibly as the magnets
N40SH have an operating temperature of 150 °C. If motor has forced cooling system and pump capacity is Q = 3 1/min
the temperature of stator windings is lower than 67 °C (at current density J = 18 A/mm?) that is lower than max
temperature allowed by class H of winding insulation. The temperature of magnets is lower than 63 °C and that will not
couse the irreversible demagnetization. For ambient temperature T,; = 40°C permanent magnets and coils temperature
stays within acceptable range. According to calculations when pump capacity increases higher than Q = 3 I/min the
temperature of the windings and magnets decreases slightly that is why following results are executed at pump capacity
Q=3 l/min.

Fig. 6 shows the load characteristics of electric motor M3, calculated in the Infolytica MotorSolve. This figure
also shows the peak torques for the urban driving cycle and country driving cycle. To obtain the value of the
electromagnetic torque higher than the peak values of the torque needed for the urban driving cycle for the motor M3,
the highest phase current must be equal to /,, =400 A and the highest current density — Jy, = 18 A/mm?. For a country
driving cycle, the maximum peak torque value is 110 Nm, in order to obtain the value of the electromagnetic torque
slightly higher than this value, maximal phase current must be equal to /,, = 267 A and current density — J,, = 13
A/mm’. Thus, the results of the calculation show that the design of the electric motor for the electric vehicle must be
carried out taking into account the driving cycle.
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Conclusions.

1. At the preliminary design stage, it is necessary to determine the dimensions of the magnetic system of the
electric motor for an electric vehicle taking into account its weight and size parameters and the driving cycle (UDC and
EUDC).

2. For the specified overall dimensions of the motor, the optimal thickness of permanent magnets is
determined, at which the peak value of the electromagnetic torque, which is determined by the mass-size parameters of
the electric vehicle and the driving cycle, is ensured.

3. Liquid cooling of the electric motor makes it possible to increase the current density in the windings up to a
value at which the necessary electromagnetic torque is provided. As a result of the thermal calculation of the electric
motor, the optimum capacity of the circulation pump is determined, at which a given current density is ensured and the
coils and permanent magnets are not overheated above the permissible value.
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Haseoeno pezynomamu moodentosants enekmpoo8ueyHa 3 NOCMIUHUMYU MASHIMamu, SKull modice Oymu 6UKOpUCManutl
3amicmob 08USYHA GHYMPIUHBO20 320PsSHHSL OISl a8MoMOo0inie Kuacy mini. Busnaueno posmipu maeHimnoi cucmemu enex-
MpOoOBUSYHA | 3HAUEHHS eeKMPOMACHIMHO20 MOMEHNY 3 YPAXYBAHHAM MACO2AOAPUMHUX NAPAMEMPIE eleKmpPoMoDins
i egponelicbk020 3006020 YUKIY. Busnaueno onmumanviy moswuny MaeHimie, 3a Axoi 3abesneuyemvcs 3a0ane 3Ha-
UEHHS eNeKMPOMACSHIMHO20 MOMEHMY, A MAKOHNC ONMUMANLHY NPOOYKMUSHICMb YUPKYIAYIUHO020 HAcoca, npu AKill 3a-
be3neuyemvcs 3a0ana WinbHiCMy cmpymy i onmumanvhe piounHe oxon00dcents. Bei pospaxynku euxonano 6 nakemax
MotorSolve i Magnet, nadanux xomnanicio Infolytica. bion. 4, puc. 6.

Knwuogi cnosa: enexTpoIBUTYH 3 IOCTIHHUMH MarHiTamu, i30BUI LUK, ONTUMaJIbHAa T€OMETpis pOTopa.
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Tpusedenvr pe3yrbmamvi MOOCIUPOBAHUSL INEKMPOOSULAMENSL C NOCIOSHHBIMU MASHUMAMU, KOMOPBLIL Modicem Obimb
UCNONb308AH 6MECO 08ULAMENS GHYMPEHHE20 C2OPanus 0l asmomodueli kiacca munu. Onpedenenvl pasmepovl Mae-
HUMHOU CUCEMbL IIeKMPOOGUSAMENS U 3HAYEHUsL JNEKMPOMASHUMHO20 MOMEHMA C YUemOM MACCo2abapumHblx napa-
Mempog DNEKMPOMOOUISL U e8PONELCK020 €30068020 yukia. Onpedeiena ONMmuUMAatbHAs MOIWUHA MASHUMOS, NPU KOMO-
poil obecneuusaemcs 3a0aHHOE 3HAYEHUE SNEKMPOMASHUMHO20 MOMEHMA, d MAKJCe ONMUMANbHAS NPOU3EOOUMETb-
HOCMb YUPKYTAYUOHHO20 HACOCA, NPU KOMOPOU 00eCneyusaemcs 3a0aHHds NIOMHOCHb MOKA U ONMUMANIbHOE JICUO-
KocmHoe oxaascoeHue. Bce pacuemur evinonnenvt 6 naxemax MotorSolve u Magnet, npedocmagiennvix KoMnanuel
Infolytica. bubmn. 4, puc. 6.
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