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Abstract: In some applications such as electric vehicles, electric motors should operate in a wide
torque and speed ranges. An efficiency map is the contour plot of the maximum efficiency of an
electric machine in torque-speed plane. It is used to provide an overview on the performance of an
electric machine when operates in different operating points. The electric machine losses in different
torque and speed operating points play a prominent role in the efficiency of the machines. In this
paper, an overview about the change of various loss components in torque-speed envelope of the
electric machines is rendered to show the role and significance of each loss component in a wide
range of torque and speeds. The research gaps and future research subjects based on the conducted
review are reported. The role and possibility of the utilization of the computational intelligence-based
modeling of the losses in improvement of the loss estimation is discussed.

Keywords: copper loss; drive losses; efficiency map; electric machine losses; iron loss; PM loss;
transmission system losses

1. Introduction

The current motor efficiency standards are limited to the motors for single-speed
applications such as fans, pumps, and compressors. NEMA standards [1] classifies the
motor efficiencies into four categories named standard efficiency, high efficiency, premium
efficiency, and super premium efficiency for 50 and 60 Hz three-phase and single-phase
motors [1–3]. IEC has a similar categorization for determination of the single speed motors
efficiency which are known as IE1, IE2, IE3, and IE4 [1]. However, those machines designed
for light and heavy electric and hybrid electric vehicles, which should offer a high efficiency
over a wide range of torque and speed, are subject to no efficiency regulation [4].

The machine design study for electric and hybrid electric vehicles commonly involves
efficiency maps (EMs), which are contour plots of maximum efficiency as a function of
torque (or power) versus speed [5–7]. These maps also define the torque/power capability
envelope of the machine. The voltage limit (the power converter voltage or the machine
insulation tolerance) and current limit (usually set by the machine/inverter thermal limits)
must be met by the controllers when the maximum efficiency is calculated. The loss
estimation plays an important role in correct estimation of the motor efficiency.

The high-power density of the permanent magnet synchronous motors (PMSM) made
them popular in the traction application [8,9]. The high cost of the rare-earth magnet
materials of the PMSM motives researchers to improve the efficiency and performance of
the induction [10], synchronous reluctance [11], and switched reluctance motors [12–14].
Nowadays, PMSMs are the main part of the propulsion system of the commercialized EVs
whereas some models of Tesla electric car such as Tesla Roadster benefit from the low-cost
induction machine in its propulsion system [15]. Therefore, the study of the synchronous
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and asynchronous EMs which are the most popular motors in the drivetrain system of
the EVs is important to predict the EVs performance over a wide operating range perhaps
specific driving cycle.

In traction applications, EMs are widely utilized to estimate the total energy used by
the propulsion system of the vehicle over a driving cycle. Figure 1 shows two samples of
the driving cycles indicating how the required torque and speed may vary for the elec-
tric vehicle (EV) applications. Figure 1c projects the location of the urban dynamometer
driving schedule (UDDS) driving cycle points in a sample efficiency map of an induc-
tion motor as per the dynamic model of a vehicle considering the motion equations and
transmission coefficients.

The electric machine losses vary based on torque and speed operating points. In
general, the reason for variation of the loss in different types of electric machines follows
the Ohm’s law and other physics rules determining the core losses and mechanical losses.
However, due to the dependency of the efficiency on the topology of the electric machines
the loss variation in different regions is not similar between them. Comparing the EMs
of induction motors (IMs), shown in Figure 1c, with those of interior permanent magnet
synchronous motors (IPMSMs) shown in Figure 2, it is seen that the IPMSM offers higher
efficiency in a wider range of torque-speed. In IMs, the rotor bar losses are high at lower
speeds which leads to reduction of the efficiency. The reduction of the copper and core
losses at higher speeds result in a high efficiency of IMs in the field weakening region
(see Figure 1c). Above a certain speed, the windage and friction losses become dominant,
and the efficiency of IMs start to decrease. The efficiency of the permanent magnet (PM)
machines around the rated speed (half to two times of the rated speed) is at its highest
level (see Figure 2). In these machines, the losses are increased by increment of the speed
because of the iron loss and permanent magnet loss increment (see Figure 2a). Additionally,
the need for increment of the d-axis current in the field weakening region is the main reason
of the increment of the copper losses in PM motors.

Identification of the major loss components and analysis of each component helps
optimal design of a machine to reduce the losses in a wide-speed range. Figure 3 shows the
substantial types of the loss in the drive-train system of EVs. The machine loss splits and
their role in in the efficiency of a machine over a wide torque-speed range are discussed in
this paper. The review of the considered type of losses reveals which type of the loss has
not been properly studied and modelled in literature.

The detailed analysis of the conductive and core losses of the PM and IM machines
have been presented in a series of articles [16–18]. The core and ohmic losses in the torque-
speed plane have been studied in [19–21]. A comprehensive literature review on the electric
motor losses and their dependency on temperature has been conducted in [22]. However,
there is no article summarizing the variation of all types of the losses in a wide range of
torque and speed.

The content of this survey covers a detailed overview of the sources of the losses
in the drivetrain system of an EV. It is a conceptual framework to reconcile the previous
works based on their studies and conclusions. The EV’s drive-train system consists of
electric motor, electric drive, and transmission system. The loss of each part affects the
overall efficiency of an EV. In this paper, the details of the variation of each type of loss
with different parameters such as voltage, current, speed, and torque are discussed. This
overview and detailed loss discussion are a proper reference for the readers to understand
the rule of losses in the converter, electric machine, and mechanical transmission system
for traction system of EVs. The calculation procedure, measurement method, and role
of different loss types as well as possible errors and difficulties of the measurement are
explained to understand the behaviour and variation of the losses in a wide-torque speed
range that is necessary for an optimum design of the drivetrain system of EVs. The paper
finally clarifies the available research gaps and suggests the future works which can be
investigated by the researchers in the field.
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Driving Schedule (UDDS), (c) Induction motor efficiency countor and the UDDS driving cycle operating points in the
torque-speed envelope.
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of this plot has been collected from [20,24]. (a) Total loss map of an IPMSM. (b) Efficiency map of
an IPMSM.
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The remainder of this paper is arranged as follows. Section 2 describes the calculation
method of each type of loss for each section of the drive-train system of an EV. The
variation of the different type of losses in different torques and speeds are described,
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where the important factors affecting each loss portion are determined. The details of
the experimental extraction of each loss portion are described in the third section of this
document. Finally, research gaps and opportunities for future works are presented based
on the literature review.

2. Losses in the Propulsion System of EVs

The amount of power losses determines the efficiency of an electric vehicle. The
ohmic losses, iron losses, permanent magnet (in PM motors), and converter losses are the
main source of the electrical and magnetic dissipation in traction systems. The mechanical
sources of the losses including friction, stray, and windage losses are placed in another
category of the power dissipation. The transmission system loss is another source of the
loss which is discussed in this section.

As shown in Figure 4, except conductive and core losses, just about 50% of the
literature have investigated the other sources of loss in the drivetrain (i.e., all mechanical
and electrical parts) of an EV. The references used to extract the required data of Figure 4
are tabulated in Table 1. In practice, precise measurement devices and power analyzers are
used for the extraction of the efficiency maps [25,26]. It is obvious that in the experimental
measurement all categories of losses are included for the EM extraction. Comparison of the
results of the computational methods such as finite-element analysis (FEA) or analytical
methods with the experimental shows that the most important sources of the losses belong
to the conductive and iron losses [27]. Therefore, most of the finite element-based and
analytical models used in the efficiency studies tried to model these two portions of the
losses accurately [28,29]. In this section, the sources of these type of the losses and the
determinative factors which affect the value of each loss are discussed. It explains how the
losses play an important role in the prediction of efficiency map.
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Figure 4. The statistic of documented research focused on the impact of various types of losses on
EM of electrical machines during the last three decades (1992 to 2021).

2.1. Joule (Ohmic) Losses

Stator winding losses in all types of electric machines and the rotor bar losses in
squirrel-cage IMs are defined as the ohmic losses in electric machines [30,31]. The ohmic
loss is proportional to the square of current flowing in the conductor (p = RI2). Furthermore,
the skin effect which is the tendency of forcing the alternative current towards the surface
of the conductive material significantly affected by the frequency rise, and the conductor
temperature increase the amount of conduction losses. In electric motors, winding current
has a directly proportional to the produced torque and the speed of the shaft has a direct
relationship with the supply frequency. Thus, the ohmic loss varies by both the torque and
speed. Figure 5a,b illustrating the current map and ohmic loss map of a 50 kW IPMSM
motor over a driving cycle, demonstrate how the ohmic losses vary with the current
amplitude. Such variations are linked with simultaneous changes in torque and speed. To
illustrate the difference of the rotor bar and stator winding, Figure 5c,d are presented. As
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expected, the effect of the increment of the current level increases the rotor bar and stator
winding losses of the induction machines.
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range [20,24] and the contour plot of ohmic losses of a 60 kW induction machine (rotor bar and
stator ohmic loss) [21]. These plots have been provided based on the collected data from [20,21,24].
(a) current map in the torque speed plane. (b) ohmic loss map in the torque speed plane. (c) IM rotor
bar loss. (d) IM stator loss.

Researchers in [21], show that the copper losses have different relationships with
the torque and speed in both constant torque and constant power regions. The finding
indicated the copper losses can be represented as a loss function (Tmωn) where m and
n determines the share of the torque and speed in copper loss of the machine. Table 2
summarizes the copper loss dependency on the torque and speed of IMs, surface-mounted
PM (SPM), and interior-PM (IPM) machines. IMs and IMr point out the stator and rotor
ohmic losses of the induction machines in Table 2. It must be highlighted that the powers of
speed and torque give an acceptable estimation of the ohmic losses but not an exact value.
Some literature [19,20,32] have sought more to improve the accuracy of the loss function.
The presented results in these papers are not much accurate based on authors explanations.
So, more investigations are required to improve the accuracy of loss function. Nevertheless,
Table 2 can be used to approximately understand the relationship of the ohmic losses with
the torque and speed in some extent.

In the electric equivalent circuit and 2D FEA models, the winding losses are modeled
using the resistance of the stator in the electric equivalent circuit (EEC) or the excitation
resistance in 2D FEA [33]. Analytical, empirical equations, and experimental measurement
using the DC and AC tests are the conventional ways of the calculation of resistance. 3D
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FEA can calculate the resistive losses directly using the integration of the current density
over winding volume.

In the analytical and FEA models, the effect of the temperature is investigated by
determining a constant value of resistance at higher temperatures. Some commercial
software such as Ansys allows to link the electromagnetics analysis with the thermal
transient analysis to calculate the temperature variation effect in parallel with the operating
condition of the machine [34]. However, such process is computationally expensive and
is not useful for prediction of the efficiency map. The analytical models can estimate the
skin effect using the analytical equations and curve-fitting techniques [35]. FEA analysis
enables considering the skin effect more precisely in higher frequencies [34]. However, it
complicates the simulation and consequently increases the simulation time. Usually, the
effect of the skin effect is separately analyzed in FEA in different current levels and windings
bundles. The calculated results are curve-fitted to correct the calculated losses during a
postprocessing process. Considering the required accuracy, it is suggested to derive a
proper model which investigates the skin effect and temperature effect in predicting the
ohmic losses. Curve fitting is the simplest way of provision of such a model.

Table 1. The type of losses investigated for EM calculation during the last three decades (1992 to 2021).

Reference
Number

Copper
Loss

Core
Loss

Friction
Loss

Windage
Loss

Stray
Stress

Converter
Loss

PM
Loss

Transmission
System Loss

[19,20,28,29,36–47] X X X X X × × ×
[21,35,48–76] X X × × × × × ×

[25–27,30,77–87] X X X X X X X ×
[88–96] X X X X X X X X

Table 2. The dependency of the machine ohmic losses on the torque and speed of the machine
rendering an approximation of the loss in different operating points for each type of the machine [21].

Constant Power Region Constant Torque Region

T2 IMs, IPM, SPM IMr IPM, SPM IMs, IMr

T IMs IPM IMr IMs

1 IMs IPM, SPM

1 ω 1 ω ω2

2.2. Core Losses

Core losses are another determinative factor in the efficiency calculations. Steinmetz
equation is the well-known method of the calculation of the core losses. Steinmetz showed
that the core losses are varied with the frequency and flux density of the machine [97]. Later
in [98,99], the generalized and improved generalized Steinmetz equation were introduced
to take the hysteresis effect into account. These methods were new but did not consider
the effect of the variation of the Steinmetz coefficients with the frequency. Thus, the core
loss estimation using these techniques is not accurate when the supply voltage includes
a wide range of harmonics. A loss separation model based on the Steinmetz equation
was introduced and improved in [100–104]. The results of the research on the iron loss
separation modelling introduced a loss model with three major components summarized
in (1). The iron losses consist of the hysteresis (Ph), eddy current (Ped), and excess losses
(Pex) are calculated by the Stienmetz equations presented in (1).
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
Ph = kh f B2V

Ped = ked f 2B2V

Pex = kex f 1.5B1.5V

(1)

where kh, ked, and kex are the Steinmetz constants of hysteresis, eddy current, and excess
losses which depend on the lamination material used in the structure of the rotor and
stator. f, B, and V are the operating frequency, flux density, and iron volume, respectively.
According to the Stienmetz equations, core losses are increased by the increment of the
frequency and flux density [64,105].

There are several papers discussing the dependency of the Steinmetz coefficients on
the operating temperature of the electric machine [106–108]. According to the presented
results in [106], electric machine core losses are reduced by temperature increase. It is logical
because of the reduction of the iron electric conductivity by increment of the temperature
and consequently reduction of the eddy current losses in the iron parts.

The loss separation approach offers an acceptable accuracy for prediction of iron
loss although it ignores the effect of the history of flux density waveform. Ignoring the
history of the flux density waveform means that the instantaneous flux density and its
rate of variation are the only responsible factors in determining the core loss. In the
inverter driven systems where the high order harmonics distort the flux density a minor
hysteresis loops need to be taken into account [109]. Disregarding the minor hysteresis
loop is another source of the in accuracy in loss separation technique. To address this
issue in the loss separation models, Preisach [110] and Jiles/Atherton [111] models, which
are called hysteresis models, were introduced. The hysteresis loss density in the Presiach
model is obtained using the integration of the multiplication of flux intensity by the rate
of variation of flux density over a period. These models were also improved in several
research to enhance the accuracy of the iron loss prediction [112–114]. These models offer
higher accuracy compared to the loss separation model but require more computational
and mathematical efforts which complicates the iron loss modelling.

Most of the commercial finite element software such as Ansys Electromagnetics [34]
and Motor-Cad [115] employ (1) to predict the core losses. To improve the accuracy of
the core loss prediction, JMAG [116] uses a frequency separation approach in the post
processing [117]. The frequency separation allows to investigate the minor loop hysteresis
losses. This software uses time series data of magnetic flux density to consider the size of
the hysteresis and predict the hysteresis losses [118].

The loss separation technique for estimation of the core losses is not limited to the
FEA based software. Some analytical models which can estimate the flux density in the
iron parts have employed in (1) to predict the core loss [119–121]. The estimation of the
flux density based on the sizing equation and magnetic equivalent circuit of the electrical
machines allows to find the core loss by (1) [122–124].

The no-load test at the induction motor and combination of the open circuit and
short circuit tests in the synchronous motor are the common experimental ways of the
measurement of core losses [48]. The core loss is usually modeled with a resistance in the
electric equivalent circuit of the electric motors. So, authors estimate the core losses for a
certain frequency and voltage level to find a proper value of the core resistance in EEC and
find the core loss by solving the circuit in different supply voltages and frequencies [23].

In the variable speed applications such as EVs, electric motors are driven by inverters.
The core loss value is changed by the variation of the carrier frequency because of the
appearance of the high order harmonics in the output pulses of the power converter.
According to the conducted study in [18], the core losses of an inverter driven PM motor is
increased by 45% compared to a sinusoidal supply voltage.

The dependency of the core losses on various factors complicates the accurate pre-
diction of the core losses over a driving cycle [125]. The introduction of a loss function
in [21] was a fast and fairly accurate approach to predict the electric machine core losses in
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the torque speed plane. Table 3 summarizes the core loss variation in IM, SPM, and IPM
motors in different operating regions.

Table 3. The dependency of the machine core loss on the torque and speed of the machine rendering
an approximation of the loss in different operating points for each type of the machine [21].

Constant Power Region Constant Torque Region

T2 IPM IM, IPM

T IM IM

1 IPM, SPM IM, IPM, SPM IM, IPM, SPM IPM

1 ω ω2 1 ω ω2

The dependency of the core loss on the frequency and supply voltage of the machine
affects this value over a driving cycle. Figure 6 illustrates the voltage map and core loss
maps of a 50 kW IPMSM and 45 kW SPMSM. As expected in the field weakening region
where the machine works in higher speeds and the voltage level is at its maximum level,
the core losses are significant [30]. The comparison of the core loss maps of these machines
shows that SPMSM has a much larger core losses at higher speeds. For this reason, the
IPMSM is popular in EV applications.
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for the IPMSM. (c) voltage map in the torque speed plane for the SPMSM. (d) core loss map in the
torque speed plane for the SPMSM.
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2.3. Converter Loss

The power converters (electric drive system) losses are other sources of the electrical
losses considered in the efficiency studies [82]. A switch loss is composed of the conductive
loss (Psw,rms), switching at turn on and off losses (Psw,on and Psw,o f f ), output capacitance
loss (Psw,oss), and gate loss (Psw,gate). As shown in (2), the conductive loss depends on the
rms current (Irms) where the switch conducting resistance (Rsw) is assumed constant. The
rising time, falling time, energy stored in the output capacitance, and gate charge of a
switch shown by ton, toff, Eoss, and Qg are constants. According to (3) to (6), the switching
losses depend on the switching frequency ( fsw), DC-link voltage (VDC), and Irms.

Psw,rms = Rsw·I2
rms (2)

Psw,on = 0.5·Irms·VDC_link·ton· fsw (3)

Psw,o f f = 0.5·Irms·VDC_link·to f f · fsw (4)

Psw,oss = Eoss· fsw (5)

Psw,gate = Vg·Qg· fsw (6)

The voltage is at its maximum level in the constant power region (see Figure 6a).
Thus, Psw,on, Psw,o f f , Psw,oss, and Psw,gate are increased by increment of the shaft speed [126].
The temperature of the switches in power converter is another important factor which
affects the converter switching loss. The conduction losses (Psw,rms) are increased by the
temperature rise due to higher value of the switch series resistance (Rsw) [127]. Literature
shows that the influence of the temperature variation on the conduction losses is much
smaller than the switching losses (Psw,on and Psw,o f f ) [128]. It was shown that under half
of the rated current, the switching losses are increased up to 20% when the temperature
varies from 25 ◦C to 200 ◦C [128]. This change in larger currents is bigger. For instance, at
rated current, the switching losses are increased from 60% to 140% of the rated switching
losses when the temperature changes from 25 ◦C to 200 ◦C during the operation [128]. This
significant variation of the losses necessitates a proper cooling system for prompt operation
of the power converters at various ambient temperatures.

Existing methods usually ignore the converter losses in estimation of the efficiency
maps. However, literature shows that the semiconductor losses in the constant torque and
field weakening regions are approximately at least one-third of the total losses [89]. The
results presented in [89] shows the semiconductor loss in field weakening region is much
larger than the conductive losses and at least half of the core losses. Figure 7 [89] compares
the value of the drive (converter) losses with the conductive and core losses in different
driving cycles. It shows the converters losses are a large portion of the total losses and
hence needs to be considered for an exact efficiency map.
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Figure 7. The measured copper, core and drive (converter) losses per mile for three different ma-
chine/gearbox combinations in 4 drive cycles and constant speed of 65 mph operation reported
in [89].

2.4. Permanent Magnet Losses

The conductivity of the PM materials allows the eddy current to flow with in the
magnet [129]. The induced current in the PMs is high when the magnet volume is large.
Although in the large electric motors the segmented sintered rare-earth magnets are used
to reduce the eddy-current, the PM loss is still large. According to the results presented
in [52], the PM eddy current loss increases by 50 times above 5000 rpm. Figure 8 visualizes
the effect of the variation of the rotor speed on PM loss [130]. Thus, it is important to
estimate the PM losses when the machine efficiency is reported over a wide speed range.
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Figure 8. Non-segmented PM power loss in different operating speeds and comparison of the
accuracy of the 2D and 3D FEA results for a 14.7 kW 4000 rpm 16 pole machine. The data to plot this
figure was collected from [130].

The time and frequency domain FEA are the widely used approaches for the cal-
culation of PM losses. The PM loss calculation by 2D FEA is fairly accurate in radial
flux machines [131]. The 3D FEA is necessary for calculation of the PM loss in axial-flux
machines [132]. In some specific dimensions and topologies, the 2D FEA cannot predict
the PM loss properly. In general, axial-flux machines necessitate 3D FEA if precision is
required [133]. Figure 8 shows the difference between the 2D and 3D FEA results for a
16-pole machine [130]. Although the machine is radial flux, there is a large difference
between the 2D and 3D FEA results. In addition, when the segmented or skewed magnet
structures are utilized in the rotor the 3D FEA is required to find the PM losses as well as
the machine performance [134,135].
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The FEA models are accurate but computationally expensive. Hence, authors have
devoted time and energy to estimate the PM loss using the fast analytical models [136]. The
available analytical models only considered the armature reaction [137] and slot effects [22]
for calculation of the PM loss. In these models, the eddy current loss is the only investigated
portion of the PM loss and the hysteresis PM loss is ignored [22]. It was shown that the
hysteresis losses are approximately two times of the eddy current losses in PMs [138].
Therefore, consideration of the PM loss without investigation of hysteresis loss is not
accurate. The loss mapping technique is a type of the analytical modelling to the PM
losses [129,130,139]. It is fast, but limited to a type of the magnet, shape of the rotor, and
shape of the stator. For this reason, the PM loss mapping and the developed loss functions
are limited to a specific machine and geometry.

2.5. Mechanical Losses

In addition to the electrical and magnetic losses mentioned in previous sections, the
mechanical losses including windage [140], friction [37] (mechanical losses [64]), and stray
losses [74] are other sources of the power dissipation in the efficiency studies of the electrical
machines. The friction and windage losses value depend on the mechanical speed, shaft
radius, shaft length, and the environment in which machine works in [140]. According
to the Mack’s equation shown in (7), the mechanical loss which is the summation of the
friction and windage losses is related to the cube of the operating speed.

Pmech = πC f ρΩ3r4
rotL (7)

In this equation, ρ and Cf are the fluid density around the rotor and friction coefficient,
respectively. The rotor speed and its radius are shown by Ω and rrot where L is the rotor axial
length. According to the reported findings in [64], the mechanical and stray losses have a
direct relationship with the speed of the machine and the output power. The mechanical
losses consideration in most of the analytical calculations are ignored because they include
a small portion of the total losses. Moreover, the modelling of temperature effect on the
efficiency of bearings is not easy and hence often ignored. In [141], the effect of the speed
and temperature on the variation of the mechanical losses was studied. According to
Figure 9, the effect of the speed is dominant compared to the temperature effect. This figure
shows the maximum value of 200 W mechanical loss for a 14.9 kW axial-flux PM motor. If
the maximum efficiency of this machine is 90% [141], the mechanical loss is about 12% of
the total losses at high speeds which is not a negligible value in the efficiency calculation.
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2.6. Transmission System (Mechanical Drivetrain) Losses

Efficiency maps are widely studied in electrical machine design for EVs where the
motor must operate in different speeds. Therefore, the analysis of the transmission system
losses in different torques and speeds are important to precisely estimate the efficiency
maps of an EV.

The in-wheel and in-body are two types of the transmission system used in EVs. Single-
stage transmission, multi-stage transmission, and continuously variable transmission (CVT)
are the widely used mechanical systems in the drivetrain of EVs [142]. The availability of
these transmissions systems is necessary to distribute and deliver the generated power
to the wheels of an EV with the in-body drivetrain. Although the transmission can be
removed from the in-wheel drivetrain, literature has suggested the utilization of a reduction
gear in this system [143] because of the higher efficiency of the electric machines during
operation at the field weakening region (e.g., see the efficiency maps in Figures 1c and 2b).

Gearbox, propeller shaft, differential, and drive shaft are the main components of
the single and multi-speed transmission systems. The comparison of the single-speed
and two-speed transmission systems, shown in Figure 10, demonstrates that they differ
in the number of gears. Although increment of the number of gears leads to the increase
of the mechanical losses in transmission system, the overall efficiency of the machine in
the presence of multi-speed transmission system is higher [144]. This improvement of
the efficiency resulted from the operation of the electric machine in the field weakening
region where its efficiency is higher. CVT is the widely used transmission system in
commercialized EVs such as Honda, Nissan, and Toyota. The efficiency of the CVT is fairly
higher than the other types of the transmission system. Moreover, it offers a continues
torque where its counterpart (multi-speed transmission system) suffers from the torque
interruption during the operation [142].
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2.6.1. Loss and Efficiency in the Single and Multi-Speed Transmission Systems

The gear mesh and bearings efficiency are two main factors in determination of the
gearbox efficiency [145]. If the Nbg and Ngmg show the number of the bearings and gear
meshes respectively, the efficiency of the gear box is obtained by (8); whereas the bearing
and gear mesh efficiency are shown by ηbr and ηgmg, respectively [146].

ηgbox = η
Nbg
bg × ηNgmg

gmg (8)

The torque is transmitted from the gearbox to the axle through the propeller shaft [147,148].
The propeller shaft efficiency depends on the number of bearings (Nbp) and universal joints
(Nup) and their efficiency. The total efficiency of the propeller shaft is calculated by (9)
where ηbp and ηup are the bearing and universal joints efficiencies in the structure of the
propeller, respectively.

ηpsh = η
Nbp
bp × ηNup

up (9)
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The differential splits the torque to be applied to the right and left wheels. So, it is
considered as the last gear reduction part of the in-body transmission system [149]. The
efficiency of the differential, written in (10), depends on its gear mesh efficiency (ηgmd) and
bearing efficiency (ηbd). In (10), Nbd shows the number of differential bearings.

ηdi f f = η
Nbd
bd × ηgmd (10)

Driveshaft is the last part of the transmission system which delivers the differentials
torque to each wheel. A constant velocity joint is located at each end of the driveshafts to
compensate the relative motion between the differential and wheel [150,151]. The efficiency
of the drive shaft, which is dependent on the constant velocity joints (i.e., tripod and
Rzeppa), is obtained by (11).

ηdsh = ηTripod × ηRzeppa (11)

Considering the efficiency of each part of a mechanical drivetrain system for an
in-body transmission system, the total efficiency is obtained by (12).

ηdrivetrain = ηgbox × ηpsh × ηdi f f × ηdsh (12)

Note that the obtained efficiencies for each part are not constant in practice and
they highly depend on the temperature of these parts and the operating speed [152]. For
instance, the bearings efficiency of each part is at its lowest value in low temperature
(high viscosity of oil) and highest operating speed. Or the universal joint and driveshaft
efficiencies are changed by the offset (angle) between their ends. The offset for the universal
joint is the angle between the front and rear angles, whereas the offset for the driveshaft
is the angle between the differential and wheels. Literature shows the significance of the
speed in determination the transmission system efficiency [153] in comparison to the role of
other factors. It has been shown that the maximum efficiency of the transmission systems
is not higher than 95% [144,153]. Thus, this portion of the loss must not be ignored when
the total efficiency of an EV is studied.

In the multi-speed transmissions, the friction, viscous, and clutch losses during chang-
ing from single to two or more is about 4% to 5% [154]. The losses per gear is 2% to 3% [154].
According to the comparative study results presented in [154], the efficiency of single, two,
and three-speed transmission systems are 93%, 86%, and 83%, respectively.

2.6.2. Losses and Efficiency in CVT

The drive and driven pulleys are the main components of a CVT which are connected
to each other through a metal belt [155]. As shown in Figure 10c, CVT delivers power to
the wheels through a reduction gear [142]. Literature shows the CVT efficiency depends
on the torque and speed ratio. Figure 11 shows how different portion of losses in CVT vary
during various loading. This figure demonstrates the low efficiency of the CVT in small
torque (i.e., 79%). Additionally, it is seen that the CVT efficiency is reduced by increment of
the speed ratio. A simple comparison between the efficiency of the multistage transmission
system and the CVT shows their maximum efficiency is not larger than 95% in various
torque-speed operating points [154].
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2.6.3. Loss and Efficiency for In-Wheel Transmission System

A reducer is used in the topology of the in-wheel EVs to utilize the electric machine in
its field weakening region where it offers a high efficiency. The topology of the integration
of the reducer with an in-wheel electric machine is explained in [143] (see Figure 2 in
page 23 of [143]). According to this figure, the input shaft of the reducer is connected to the
shaft of electric machine and its output shaft delivers power to the wheel. Figures 4 and 5
of page 25 in [143] presents the efficiency map of a reducer in the torque-speed envelope.
As shown in these contour plots the efficiency of the reducer is larger than 95% which is
higher than efficiency of the multi-speed transmission systema and CVTs used of in-body
drivetrains. Hence, the use of in-wheel drivetrain in the EVs have found popularity among
researchers and industries [156].

2.7. Discussion on the Loss Analysis

Literature show that the efficiency map and loss map of a certain electric machines
can be scaled up and down for different power ratings [53,56,157]. Therefore, it is possible
to estimate the losses over a driving cycle based on the scaling laws for different power
ratings of the machines [55,157]. According to Equations (3) to (12) in [55], core, ohmic, and
PM losses of a PMSM have a direct relationship by variation of the machine stack length
and diameter. Copper loss is proportional to the change of radial and axial directions. The
core loss is proportional to the axial direction and square of the radial direction changes.
PM loss has a relationship with the fourth and third power of the radian and axial direction
changes, respectively. Therefore, the losses in the PM machines can be estimated based on
the variation of the dimension of the machine for different power ratings when the rating
torque/power of the machine is proportional to the axial direction and square of the radial
direction changes. Based on the scaling, if the axial and radial dimensions of a machine
become two times of a benchmark machine, the core, ohmic, and PM losses will be 6, 2,
and 128 times larger than the losses of the losses of the benchmark machines. The scaling
law for the IM is also discussed in [157] which determines the relationship of the ohmic
and core losses with the variation of the machine geometry.

The variation and characteristics of each portion of the loss in an electric vehicle has
been discussed in Section 2. The IM and PM machines are the most popular machines
in EVs. Table 4 summarizes the percentage each type of loss for these two machines in
the constant torque and field weakening regions. It must be highlighted that the reported
values are not absolute and have been determined based on the available data in the
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collected references. The size of the wire and number of strands can change the ohmic
losses in a specific design [158]. The type and thickness of the laminated materials can
change the core losses [159]. The type of the magnet and their number of segments vary
the PM losses [134]. The type of the switches, converter, and control system can lead to
change of the converter loss [80,160]. Mechanical losses can be changed by the type of
the bearings.

Table 4. Range of the variation each type of loss as a percentage of the maximum power of the machine in the constant
torque and constant power regions for IMs and IPMSMs [19–21,53,80,87,89,141,143,159–161].

Operating
Regions

Machine
Type Ohmic Loss Core Loss PM Loss Converter

Loss
Mechanical

Loss
Transmission
System Loss

Constant
torque

PM 0.1–13% 0.01–1.5% 0.001–0.5% 0.01–6% 0.1–1% 5–6%
IM 0.1–15% 0.01–2.5% 0 0.01–7% 0.1–1% 5–6%

Constant
power

PM 0.1–5% 1–15% 0.001–1% 1–12% 0.5–3% 4–15%
IM 0.1–10% 1–2.5% 0 1.5–15% 0.5–3% 4–15%

Due to the availability of the rotor bars in IMs, the ohmic loss range of variation in
IMs is larger than the PM machines. The winding current which determines the ohmic
losses is increased by increment of the torque [31]. So, the minimum and maximum
ohmic losses tabulated in Table 4 is the percentage of the ohmic loss in lower and higher
torques, respectively. Because of the current constraints of the electric machines, the
maximum current cannot pass through the winding in the filed weakening region. Hence,
the maximum value of the ohmic loss in the constant power region is less than the constant
torque region [53,87].

As it is explained in Section 2.2, core loss is function of the voltage and frequency. For
this reason, it is seen that the percentage of the core loss in the field weakening region is
much larger than the core loss of the constant torque region for IPMSMs. Note that the
SPM core loss is larger than the IPMSMs and its higher band can be increased to 18% of
the maximum power at higher speeds [21,24]. The maximum value of the core losses in
the IMs in both of constant torque and field weakening is similar. The larger frequency
of the operation in the field weakening region increases the minimum core losses of IMs
compared to the constant torque region.

PM losses are increased by increment of the speed because of the increase of the
induced eddy current on PMs. In the SPM machines, the PM is closer to the windings
which leads to the increment of the eddy current on their surface. For this reason, in the field
weakening region the PM losses can be increased to 6% or even higher for SPMSMs [21].

The lower power factor of IMs compared to the PM motors leads to the increment of
the converter losses in both constant torque and constant speed regions. The large DC-link
voltage at the field weakening region increases the switching losses [80,161].

Mechanical and transmission system losses are the other portion of losses in EVs
which highly depend on the operating speed. As it is tabulated in Table 4, their values
in the constant power region are much larger than those of value in constant power
region [141,143].

3. Experimental Setup for Measurement of the Losses

The experimental calculation of the losses is carried out based on the efficiency ex-
traction IEEE and IEC standards (i.e., IEEE 1812, IEC60034-2-1-2A, IEEE 112, and IEC
60034-2-1-1B [90]). The flowchart of the calculation of the motor efficiency based on these
methods are shown in Figure 12. In these methods, the speed and load are changed as such
the machine meets its rated temperature.
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Considering the standard methods for calculation of the electric machine efficiency,
an experimental setup measuring the input and output power of the machine is required
to find the machine losses by subtraction of the input power and output power. The
efficiency and losses of each part of an EV drive system is found by proper placement of
the measuring devices in the system. Figure 13 shows the entire drive-train system of an
EV along with the monitoring/measuring devices which are required for experimental loss
separation of the different parts.
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3.1. Measurement of Converter Loss

As shown in Figure 13, the converter losses are found by measuring the input power
and output power of the converter using two power analyzers (the difference between the
input power and output power results in the loss in the power converter).

3.2. Electric Machine Loss

Although the total machine loss is obtained by subtraction of the input and output
power of the machine, the calculation of the split losses consisting of conductive, core, PM,
and mechanical losses needs more details to be considered [2].
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3.2.1. Separation of Ohmic Losses

In induction machines, ohmic losses result from the stator windings and rotor bars. A
simple way for calculation of the ohmic losses is excitation of the windings at rated current
in locked rotor condition [3]. The stator and rotor resistances are obtained by conducting
this test. However, this method is not accurate for an inverter driven IM because the skin
effect and harmonics are ignored if the measurement is done at a single operating point.
Hence, it is suggested to supply the machine in different current levels and frequencies at
locked rotor condition and measure the consumed active power which gives two variable
resistances for both of stator windings and rotor bars.

The temperature rises, which lead to the increment of the resistance, should be con-
sidered. The temperature effect is considered by applying the DC test when the winding
resistance is cold and when it is at the rated operating temperature. This variation of the
measured resistance is considered as a coefficient to update the resistances from previous
test (locked rotor). Having a variable stator and rotor resistance based on the frequencies
allows to find the ohmic loss based on the EEC in different loadings. The rotor loss of
the induction machine is proportional to the motor slip. In the next paragraphs, it will be
explained that the core losses can be extracted independently from the slip. Therefore, the
conductive rotor loss of induction motor is found by (13) when the stator resistance (Rs),
core loss (PFe), winding current (Iph), and slip (s) are measured experimentally [162].

Protor, IM =
(

input power − Rs I2
ph − PFe

)
s (13)

The resistance of the synchronous motors at different operating frequencies is found
through a similar procedure. As the synchronous machines have no rotor bars, their rotor
can be locked or even removed from the stator to extract the winding losses.

3.2.2. Core Losses

If the no-load input active power of the induction machine is subtracted by its no-load
winding loss, the result is the summation of the core and mechanical losses. The standard
tests for inverter driven machines segregate the core losses into two portions to investigate
the harmonic effect separately [163,164]. The difference of the obtained core loss from the
inverter driven machine with the extracted core loss when a pure sinusoidal supply the
winding is determined as the core loss resulted from the harmonics.

The mechanical loss varies by speed. The core loss is a function of the voltage am-
plitude and frequency. If IM is run at a constant speed with different voltage levels, the
interception point of the summation of core loss and mechanical loss (the measured input
power of an electric machine at no-load condition) plot versus voltage square represents
the mechanical loss. In other words, when the voltage is zero the machine loss just includes
the mechanical loss of the machine at that speed. Note that at least a small amount of the
voltage should be applied to the induction motor winding to reach the no-load speed. So,
the experimental measurement of the mechanical loss when voltage is zero seems to be
impossible. However, the machine at small supply voltage operates on the linear section of
the B-H curve of the iron characteristic. Thus, to find the interception point with the y-axis
(i.e., summation of the core and mechanical losses) it is logical to assume that the curve is
linear and estimate the mechanical loss.

Applying the no-load test for determination of the core loss of the synchronous
machines using a similar approach to the IM machine is a way to find the core and
mechanical losses at different operating speeds and voltage levels. It has been proven that
the core losses can be found using an open circuit test for synchronous PM machines. To
apply the open circuit test, a prime mover rotates the shaft at a constant speed and the
input mechanical power is recorded at each speed [165]. As the copper loss is zero, the
measured mechanical power is equal to the summation of the core and mechanical losses
of the synchronous PM machine. The mechanical and core losses are separated through
the same approach explained for IM.
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3.2.3. PM Losses for Permanent Magnet Motors

The PM losses are another portion of the loss in the PM machines. There is an
indirect technique for measurement of the PM losses. When the core loss, mechanical loss,
and ohmic losses of a machine are extracted, the PM loss is found by subtraction of the
total input power at loading condition with the summation of total output power and
measured losses. To achieve a more accurate value for the PM losses through the indirect
measurement technique, the ohmic losses of the stator should be collected when the rotor
is removed from the stator. The indirect method is not accurate because some portion of
the stray losses may be added to the PM loss. The amplitude and frequency of the induced
eddy current on the PMs affects the PM temperature. In [166], the temperature of the PM
parts was measured and (14) was used to find the PM losses.

PPM = ρ × c × NPM × VPM ×
(

∆θ

∆t

)
(14)

In this equation, ρ and c are the specific mass density and heat capacity of the PMs.
Number of PM elements and volume of a single PM part are shown by NPM and VPM. The
rate of the variation of the temperature shown by ∆θ

∆t which can be taken directly from the
measured temperature variation curve.

3.3. Transmission System Losses

The transmission system losses are the last portion of the loss in the propulsion system
of an EV. As shown in Figure 13, this portion is obtained by subtraction of the mechanical
input power to the transmission system and its mechanical output power.

The EM of electric machines is accurate if it is plotted by 300 to 1600 points [167,168].
On the other hand, the efficiency map calculation requires a sweep between different
pairs of d- and q-axes currents to find the minimum loss point for each set of torque and
speed. Thus, the loss separation over a driving cycle would be a time-consuming process
because an accurate loss map for each portion of the loss is obtained when at least the
above-mentioned details are considered for 300 operating points over a driving cycle.

4. Research Gaps and Future Opportunities

In addition to the electric machine losses, the power converter and transmission
system losses have a significant value as a part of a propulsion system of an EV. Therefore,
all types of the losses must be modeled with an acceptable accuracy for design of an optimal
electric machines for EVs. The review shows that many studies have been conducted on
the estimation of the copper and core losses in electric machines. However, the power
converter losses, PM losses, and transmission losses which can significantly change during
operation at high speeds on a wide torque-speed range have not been studied sufficiently.

Most of the proposed analytical models for the copper and core losses ignore the effect
of the higher order harmonics of the power converters injected to the windings. So, the
improvement of the accuracy of the losses based for the inverter driven machines in a
wide torque speed range is an important topic of study. The optimal machine design can
consider the inverter model to improve the efficiency. The switching modes of the inverters
can be optimized to maximize the efficiency over a driving cycle.

Most of the analytical design methods of the electric machines ignore the converter
losses which play an important role especially at higher speeds. Therefore, accurate
modelling of the converter losses can be a prominent topic of the study. Adding an
additional term to the loss function, proposed in [21], can be considered as a possible way
for estimation of converter losses.

Literature has covered the role of cross-saturation to improve the calculation of the
efficiency maps for synchronous machines [31]. The cross-saturation effect on the loss of
the induction machine is small but can be studied to improve the calculated efficiency.

Temperature has a significant role on the amount of each loss component. As dis-
cussed in [22], multi-physics simulation environment and computationally expensive
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numerical methods are the main challenges of the consideration of the temperature effect
in analytically calculated EMs. The investigation of the loss variation with the temperature
and the accurate thermal analytical models are other significant subjects for future works.

Most of the conducted studies overlook the effect of the high order harmonics of
the induced current on the PM parts, temperature effect, and variation of the physical
characteristics of the PMs in different temperatures. The utilization of the multi-physics
finite-element software to model the electromagnetics behavior of the PM machines along
with the thermal and structural variations (i.e., any change in the shape of PMs and air
barriers) in different speeds is useful to improve the accuracy of the PM loss modelling.
The need of the computationally expensive 3D FEA simulation for the accurate estimation
of the PM losses restricts the researchers to study PM losses in the torque-speed envelope
of the electric machines. Introduction of a fast combined analytical-FEA method or an
accurate loss function is helpful to model PM loss in a wide torque speed range.

The computational intelligence modelling and machine learning approaches have
recently found popularity because of their ability in prediction and estimation of the
physical characteristics of a system based on the real datasets. Some literature has used
large datasets to predict losses and efficiency maps of electric machines [63,95]. The
required dataset for these models is huge which hardens the provision of the dataset.
Moreover, the application of these models is limited to the type of the motor with a specific
shape of the magnet, slots, and barriers. These models can be mixed with the analytical
models to reduce the amount of the required data. Combination of the loss function
and computational intelligence models is another useful approach to develop a precise
computational method for loss estimation of the electric machines with different sizes in a
wide torque-speed range.

5. Conclusions

In this paper, it was explained that the design of electric machines to achieve the
maximum efficiency requires an accurate prediction of the losses. To design the machine
for optimal operation over a driving cycle, the loss prediction is more challenging because
of the dependency of the losses on different operating points and supplying factors.

The dependency of each loss component on the efficiency of the electric machines at
different operating regions was reviewed. The machine loss measurement and calculation
methods were explained. The difference between the loss variation in different electric
machines were described to show the weakness and strength of different electric machines
for operation over a wide torque-speed range.

In addition to the electric machines, power converters play an important role in the
drivetrain system of electric vehicles. Hence, the role of the converter losses and their
significance in the total efficiency of the propulsion system of in EV was discussed. It was
explained that the converter losses become significance when the electric machine operates
at higher speeds.

The transmission systems of EVs were briefly reviewed. The specification of each
transmission system in terms of loss and efficiency were discussed. Literature review
determined the significance of the proper selection of the transmission system in EVs.

Based on the conducted literature review, the design of an optimal propulsion system
for EVs needs many considerations. On one hand, the electric machines offer a high
efficiency when they operate in higher speeds (field weakening region). On the other hand,
the efficiency of the power converters and transmission systems are reduced by increment
of the speed. Thus, it is necessary to investigate the performance of all section of an EV
propulsion system during the design process.

The research gaps based on the conducted literature review were highlighted and the
possible future research subjects in loss analysis of electric machines were introduced. It
was explained that how the computational intelligence models help the loss prediction in
the electric machines.
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