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Efficiency Maps of Electrical Machines: A
Tutorial Review

Emad Roshandel, Student Member, IEEE, Amin Mahmoudi, Senior Member, IEEE, Solmaz
Kahourzade, Member, IEEE, and Wen L. Soong, Senior Member, IEEE

Abstract— Efficiency maps (EffMs) illustrate the maximum
efficiencies of electric machines over a range of torque-speed
operating points. This paper reviews the available techniques for
efficiency map calculation and gives a general understanding of
EffM modelling and interpretation for traction motors. It shows
the accuracy versus calculation effort trade-off for different
methods. The process of efficiency map calculation for sample
induction motor and permanent magnet synchronous machines is
explained. Calculation of EffMs using commercial software is also
covered. Finally, possible future research opportunities in this
field are suggested.

Index Terms— driving cycles, efficiency maps, electric
machines, machine loss, torque speed envelope.

I. INTRODUCTION

EFFICIENCY MAPs (EffMs) project the maximum
efficiencies of electric machines (EMs) in the torque-speed
(or power-speed) plane [1]. EffMs are widely used to compare
the performance of EMs and the torque (or power) versus speed
capability (envelope) of the drive system for traction
applications. Fig. 1 illustrates the EffM and loss maps of a
sample surface-mounted permanent magnet synchronous motor
(SPMSM) over a wide range of torque-speed operating points.
In addition to efficiency and loss values at each operating point,
it shows the maximum achievable torque at any speed including
the torque capability at low speeds and the constant power
(torque falls inversely with speed) characteristic at higher
speeds.

Fig 2 summarizes various methods for obtaining efficiency
maps of EMs along with the number of research papers based
on about 100 papers published in the last thirty years (1992-
2022). It is seen although other methods becoming popular, the
main techniques for calculations of the EffMs are experimental,
finite element analysis (FEA), and analytical techniques,
respectively. The accuracy of experimental setups and FEA [2],
the flexibility of FEA and analytical methods [3], and the fast
speed of analytical methods [4] are the main reasons for the
popularity of these techniques. The focus of this paper is on the
experimental, FEA, analytical, and corrected analytical
methods.
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Fig. 2. Summary of the frequency of different approaches used to calculate
EffMs based on 100 papers in the period 1992-2022 (data collected by authors).

The calculation of the EffM using scaling techniques [6]-[8]
and artificial intelligence [9]-[11] is employed in a few papers.
The scaling technique uses the EffM of a certain geometry to
estimate the EffM of scaled machines. These methods are
generally not reliable when the shapes and material types of
some parts of a motor like rotor bar, magnets, and winding
structure are changed during the design process. The artificial
intelligence-based techniques can avoid this problem if a large
data set consisting of the EffM of different geometries and
materials are provided. However, the provision of such a data
set is generally not possible.

Although there are many papers discussing the EffM, there
is a lack of clear steps/guidelines for the calculation of EffM
and discussion of the accuracy versus calculation effort trade-
off between alternative techniques.

This tutorial/review paper provides a “road map” for
engineers and researchers in the field of EM design for transport
electrification. It investigates the calculation of efficiency maps
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Fig. 3. The general process of the calculation of efficiency maps based on the equivalent circuit, FEA, and experimental measurements.

for AC electric machines and has the following areas of
contribution:
e gives a brief tutorial of alternative EffM calculation
methods and discusses their trade-offs;
o describes past research on EffMs and identifies
research gaps and opportunities for future research.
Section Il presents the general concept of the calculation of
EffMs. In Section 111 the different EffM calculation methods for
PMSM and induction machine (IM) are described. Section IV
describes the direct methods such as experimental approach for
the extraction of the EffM. The procedures of EffMs calculation
using commercial software are discussed in Section V. In
Section VI, the results of the explained methods and software
are prepared and compared with each other. Finally, the
possible research areas which can help EffM calculation and
improve its accuracy are described in Section VII.

Il. GENERAL PROCESS OF EXTRACTION OF EFFM

The efficiency of the electric motor (n) for a given torque (7)
and speed (w) is obtained by (1) where the total losses (P;yss)
of the EM are a function of torque and speed.

Tw
= Tw + Ploss(T' w) (1)

Normally the efficiency map is defined in terms of the
maximum efficiency (or minimum loss) for each torque/speed
operation point. In some literature, the EffMs have been
calculated based on the maximum torque per ampere (MTPA)
control [12]-[14] which corresponds to the minimum stator
current and stator winding loss. The MTPA operating points do
not necessarily match with the maximum efficiency points
especially in the field weakening region. The results of the
consideration of these two different control techniques are
discussed in this paper. Other efficiency map definitions are
also possible such as minimum copper loss or minimum iron
loss.

There are multiple ways for obtaining the EffMs of electric
machines. These can be classified firstly in terms of their
approach:

e experimental methods

e equivalent-circuit approaches
o finite-element analysis

Fig. 3 shows the process of the measurement and calculation
of the EffMs using the experimental, FEA, and equivalent
circuit calculation methods. Accordingly, Table | summarizes
the general steps toward calculation of EffMs. It is seen
depending on the considered type of excitation in FEA and
electric equivalent circuit modelling, the sweep variables are
chosen. For instance, the sweep variable for the voltage-driven
PMSM and induction motor (IM) are the power angle (y) and
slip frequency (sf;), respectively. For a current driven PM and
IM, the sweep variables are current (I) and current angle (&).
For a given torque and speed, the loss and efficiency of the
motor are obtained through an iterative procedure at different
sweep Vvalues. The efficiency of the motor in each iteration is
recorded when the voltage and current limits are met. Among
the collected efficiency values for each torque-speed point, the
value which offers the highest efficiency (or smallest loss) is
selected to plot the EffM.

TABLE |. GENERAL PROCESS OF CALCULATION OF EFFMS
1. Determine the sweep variables based on the considered
power source and type of EM
o For synchronous EM, the sweep parameters are either
(V andy) or (I and I,) or (I and 9).
o For IM, the sweep variables are (VV and sf;) or (I; and
1) or (I and §).
2. Create torque and speed matrices
o Create a matrix in the range of the minimum and
maximum values for torque and speed.
o Select one torque (tr) and speed (w) point for
calculation.
3. Calculate efficiency for a given pair of torque and speed
o Vary one of the sweep parameters over a range.
o For the given 7 and w, find the values of the other
sweep variable.
o Find the maximum efficiency while meeting voltage
and current constraints.
4. Report the efficiency at the minimum loss point (i.e.,
maximum efficiency)
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As shown in Fig. 3, the experimental test follows a similar
process where the given speed is set by the dynamo motor drive.
The test motor drive works on the torque control mode while it
can use voltage-driven or current driven control method to find
the maximum efficiency point for each pair of T and w.

It also possible to classify efficiency maps methods as:

e indirect methods: torque is predicted, usually from
flux-linkage, losses are predicted using a simplified
model, such as the iron loss is only a function of speed.
This can be done using equivalent-circuit or finite-
element methods.

e direct methods: torque and losses are directly
predicted or measured. This can be done using finite-
element or experimental methods.

The calculation and experimental procedures will be explained
in details in the next two sections.

I1l. INDIRECT EFFICIENCY MAP ESTIMATION

A. Principles

When explaining the principles of indirect efficiency map
calculation using equivalent circuits it is useful to consider a
synchronous machine driven by d- and g-axis currents (I4,I,).
Itis desired to find the corresponding dg-axes flux linkages (44,
Aq)- These allow calculating the torque (z) given the number of
phases m and pole-pairs p,

T=mp (ldlq —q Id) 2
From the stator resistance R, and the electrical frequency we the
dg-axes voltages can be found,
Vy = Ryly + 2qw, @
Vd = RSId - Aqwe
The stator current | and voltage V are thus given by,

I = /1§+1,§ and V= /de+qu 4)

When calculating efficiency maps, the selected operating point
must meet the requirement that both the current and voltage are
within the rated current I, and rated voltage V,

I<I, and V<V, (5)
The stator copper losses are given by,
P = mlst (6)

There are three methods for obtaining the dg-axes flux
linkages [15]:
e linear: 44(I4) and A,(l,) where the functions are
linear (see the red lines in Fig. 4) which correspond to
constant values for the inductances L, and L,

e saturation: A4(l4) and 4,(I,) where the functions are
non-linear (see the black lines in Fig. 4) due to
magnetic saturation, this corresponds to varying
inductances L, (14) and Lg(I,)

e cross-saturation: for highly saturated electric machines
it can be necessary to consider cross-saturation where
1, affects A4, and hence A4(l4,1;) and similarly
AqUg,1g). Thus, Lg(lg,Ig) and Lg(Ig,1g). This
phenomenon for an interior permanent magnet

synchronous machine (IPMSM) is shown by cyan dot-
points in Fig. 4.

B. Synchronous Machine Equivalent Circuit Models

Equivalent circuits can be used with the linear, saturation,
and cross-saturation flux-linkage/inductance models.

The equivalent circuit for IPMSMs has the following
relationships,

Ag =¥, + Lyl
Aq = Lglq ()
Thus, the main equivalent-circuit parameters are the stator
resistance (R;), PM flux linkage (¥,), and the dg-axis
inductances (L, and Lg). These equivalent circuit parameters
can be found:

o analytically or from finite-element analysis: based on
stator and rotor dimensions, lamination and permanent

magnet properties, stator winding information etc.

e experimentally: resistance, inductance/flux-linkage
measurements in either stationary or rotating
conditions.

These equivalent-circuit parameters can then be used with
the equivalent circuit to estimate the flux-linkage from (7) and
hence torque and voltage using (2) and (3). From this, the
efficiency map can be found.

When using equivalent circuits, the stator iron losses (Pr.)
can be estimated as a function of speed using an open-circuit
test (P,.(w)). It is done using either finite-element analysis or
experimental testing. For the latter this will also include
mechanical losses Py, such as friction and windage losses
[16], [17]. The total loss Pyygs = Py + Ppe + Prpecn IS Used to
find the efficiency () by (2).

In the equivalent circuit, the stator iron losses can be
approximated as only a function of speed Pr, = P,.(w) and is
often subtracted from the output torque. Alternatively, the stator
iron loss is modelled as a parallel resistance in the equivalent
circuit and hence as an increased electrical input power.

Fig. 5 illustrates the general process for obtaining efficiency
maps using either equivalent circuit or FEA. According to this
figure, the following steps should be investigated to find the
EffM of a synchronous machine:

o Thefirststep is to identify the operating limits. The rated
voltage V,, and current I, are given. For synchronous
machines there are two control variables (I4, ;) and for
conventional PM and reluctance machines, the normal
ranges are presented in (8).

====== linear-model

Cross- jm= saturation-

saturation data flux model
04 T4
- | i
=) 2 el
= =
= é 0.8
o = 00
Z 304
= =02
0.6 0

-250 200 -150 -100 -5 50 100 150 200 250
d-axis current [A] . g-axis current [A]
@) (b)
Fig. 4. The variation of d-axis and g-axis flux vs. current of a IPMSM studied
in [18]. (a) The d-axis flux variation. (b) The g-axis flux variation.
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o Secondly, matrices of torque and speed operating points
covering the desired operating range (r,w) are
generated, given the operating speed (w), the electrical
frequency (w, = pw).

e Thirdly, for each operating point, a vector of (negative)
d-axis current (I;) points in the allowable range given by
(8) is considered. Egs. (2) and (7) are used to identify the
required (positive) g-axis current values (I,) to generate
the required torque. From these the corresponding total
current, voltage, losses, and hence efficiency are
determined. This allows finding the maximum
efficiency for that operating point, within the required
current and voltage constraints in (5). This is repeated
for all operating points to find the efficiency map.

C. Finite-Element Mapping

A more accurate means for efficiency map calculation,
particularly for highly saturated machines, is to avoid using the
approximations associated with the equivalent circuit in (7) and
instead directly use the flux-linkage A4 (Ig, ;) and A,(I4, Ig).
Generally, a large number of finite-element simulations is used
to create flux-linkage "maps" of 4, and 4, on the (I4, ;) plane.
In [19], a 15 X 15 mesh of (I, 1) points were used. The flux-
linkage maps can also be found experimentally. As illustrated
in Fig. 5, for a given (I, ;) the flux maps are used to find 4,
Aq, and hence find torque and voltage using (2) and (3).

Similarly, to the flux-linkage maps, maps of the stator
hysteresis, stator eddy-current, and rotor magnet eddy-current
loss maps are found in the (14, I;) plane at a reference speed w,
using finite-element analysis. Then, for given values of (i4,1;)
and the actual speed (w), actual losses can be found by scaling
the loss map results appropriately [20],

Phys(ld' Iq' w) = Phys Ua, Iq' wy) * (w/wy)

W \2 (9)
Pogay(la) I ©) = Pogay (14, 15, @) - (w_)
0

D. Induction Machine Efficiency Maps

A similar process shown in Fig. 5 can be used for induction
machines. For induction machines, the equivalent circuit has
three inductances, the magnetising inductance (L,,), the stator
leakage inductance (L;), and the referred rotor leakage
inductance (Lj,.). From these, the stator and rotor inductances
can be defined as Ly = L,, + L, and L, = L, + L},.. These
values can be found analytically [21], from finite-element
analysis [22], or experimentally [23].

For induction machines, the dg-axes fluxes are estimated
using (10) knowing the machine dg-axes inductances.

For given speed find the following:

)\d = Ld[d;Where Ld = LS
12 (10)
A, = Lyl ; where L, = (L — L—’")
T
The torque is estimated using (2). The stator electrical
frequency (w,) is required to obtain the stator voltage using (3).
As shown in (11), the value of w, depends on slip speed (wg;p ).

w, =p(w + wslip) (11)

where the slip speed is defined in terms of the referred rotor
resistance R,." and rotor inductance (L,) [24],

R/ I,

wslip = L_TE

For induction machines, the typical operating values of slip

speed is between zero and the value corresponding to maximum
torque, wslip(Tmax)v

(12)

wsR;
|R1 +jws(Lls + Lllr)l
where wg = 21f;/p is the rated synchronous speed with rated
supply frequency f..

For each torque-speed operating point, a range of slip
speeds in the above range is considered and the corresponding
values of I; and I,are determined using (2), (10) and (12). Then,
the voltage, ohmic loss, and core loss are calculated. The core
loss is modelled as a parallel resistance, and the ohmic loss
including the stator winding and rotor cage losses is modelled
by series resistances in the equivalent circuit. Based on this, the
maximum efficiency for the torque-speed points, while meeting
the voltage and current constraints in (5), can be found.

For induction machines, the saturation of the magnetising
inductance (L,,) is important to consider. It is normally
modelled as a function of the magnetising current (1,,,) and this
can be determined by a no-load test in either finite-element
analysis or experimental testing.

The rotor resistance can also depend on the slip frequency
due to deep bar effects [25]. This dependency can be found
using locked-rotor tests at different slip speeds (either using
finite-element analysis or experimental tests) [26].

(13)

wslip(Tmax) =

E. Voltage Control vs Current Control

Variable-speed electric machines are normally current-
controlled using a field-oriented control technique. It allows
rapid control of instantaneous torque and fast over-current
protection. This technique is generally less sensitive to motor
parameter variations at low speeds. On the other hand, line-
operated machines are inherently voltage controlled. Voltage
control is simpler to implement while over-current protection is
more difficult. It is simpler to control during high-speed field-
weakening operation but has generally poorer dynamics.

Flux maps: Calculate electrical frequency !
- Use of direct FEA | [pased on the given speed: Calculate total loss for alll |
- Calculate flux by (7) for PMSM For synchronous: w, = pe dg currents and select all ' . ;
or (10) for IM For IM use (11) and (12) the points in the loss map| | _ [Find all pairs of dof ~Sclectthe current pair
currents which generatelm  with minimum loss
where the voltage and | . i

| Cal_culate VAT current constraints are met the given torque. and report efficiency
Calculate torque contour using Estimate core loss by (9). e |
flux map data by (2) | Find ohmic loss by (6). g P |

- = = = = = - =

Fig. 5. The summary of procedure of the calculation of EffMs using the equivalent circuit for IM and PMSM.
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Fig. 6. The computationally efficient FEA approach for efficiency map calculation of PMSMs. Magnetising and demagnetising voltages are shown by V,,

respectively. The flux linkage is shown by A.
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Fig. 7. The temperature and frequency variation effects on the resistance of the
winding of the studied IPMSM. (a) the resistance variation vs. temperature, (b)
reduction of the effective area of a wire due to the skin effect by increment of
the frequency, (c) resistance variation by temperature and frequency.

For voltage control of synchronous machines normally the
voltage magnitude Vand power angle y between the voltage
and the g-axis (which is the back-emf for permanent magnet
machines). This defines the dg-axis voltages as,

V, =Vcosy and V; = —Vsiny (14)

If magnetic saturation and stator resistance is neglected, then
(3) and (7) can be used to find a closed-form solution for the
dg-axis currents. However, in general, an iterative approach is
required to solve for the dg-axis currents. For voltage control of
induction machines, normally the slip (s) or slip frequency (sf;)
is used instead of the rotor angle.

F. Core Loss Models

At higher speeds, EM core losses become more significant.
They also affect the stator current and so cause a small increase
in the winding losses [17]. The induction machine core loss
modelling was discussed in [27]. In [27], authors introduced an
iron loss scaling technique. This model is used to update the
Foucault eddy current loss obtained from a single frequency and
scaled it to find iron loss in other frequencies.

In [28], an improved analytical core loss model based on the
short circuit and open circuit characteristics of the PM motors
was proposed. The approach is summarized in Fig. 6. It is seen
that the stator iron loss is considered the superposition of the
loss from the main magnetizing flux and from the PM flux. The
main magnetising flux is related to the magnetising voltage (1},,)
which is the induced stator voltage, and this loss is found from
the open-circuit test. The PM flux is directly related to the
demagnetising voltage (V;) and this loss is found from the
short-circuit test. This method is more accurate than the simple
equivalent circuits for the calculation of efficiency in both rated
flux and field-weakening operating regions. It was later
improved by including saturation and cross-saturation effects
[29].

V,, and V,

G. Effect of Temperature

Temperature can significantly affect the efficiency of an
electric machine. As shown in (15) and Fig. 7a, the resistance
of windings has a direct relationship with temperature [30].

R = Ryer (1+a(6 = byer)) (15)
In (15), the reference resistance (R,.f) is the value of the
resistance measured at reference temperature (6,.r). The
temperature coefficient of the material is shown by «; and 0 is
the average temperature of the conductors. The temperature co-
efficient of copper is about 0.39%/°C which means that, for
instance, a 100°C temperature rise would result in a 39%
increase in the stator winding resistance and hence losses. In a
similar fashion the temperature co-efficient of resistance of
aluminium (0.40%/°C) needs to be considered in the rotor
resistance of induction machines. In addition, the increase in
temperature also increases the resistivity of the permanent
magnets which will generally increase the rotor magnet losses.

The properties of permanent magnets are significantly
affected by temperature including their remanent flux density
By, their coercivity H; and their demagnetisation knee point
[31], [32]. This causes the PM flux linkage ¥,,, of PM machines
to reduce significantly with temperature resulting in the torque
reduction and copper losses increase at higher temperatures. For
instance, the temperature co-efficient of the commonly used
NdFeB rare-earth magnet material is typically in the range -0.45
[33] to -0.65%/°C and hence a 50°C temperature increase will
reduce the PM flux linkage and hence PM torque by about 25-
30%.

Iron losses of lamination materials generally reduce slightly
with temperature partially due to the increase in the resistivity
of the material reducing the eddy-current losses [34]. For
example, for a particular lamination material at 1,000 Hz [35],
the iron loss reduced by about 10% for a 60°C increase in
temperature which corresponds to a temperature co-efficient of
about -0.2%/°C.

For machines using rolling-element bearings, temperature
substantially affects the grease viscosity and hence bearing
losses [36].

For equivalent-circuit and finite-element-based efficiency
map estimation, it is useful to have estimates of the operating
temperatures in the machine either from design information or
from a reliable thermal model.

H. AC Winding Loss Effects

The resistance of the winding also increases with frequency
due to the skin effect (see Fig. 7b). Increasing frequency
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reduces the skin depth and hence the effective area of the wire.
This can be modeled using the skin effect equation [37] to
improve the accuracy of the ohmic loss estimation. Fig. 7c
shows the variation of the equivalent resistance of a sample
phase winding at different temperatures and frequencies.

In addition to skin effect, another frequency related winding
loss is called proximity effect. This is associated with AC losses
in a conductor due to it being exposed to magnetic fields created
by AC currents flowing in other nearby conductors [38].

The above effects can be modelled to a first approximation
by a stator resistance which is a function of frequency.

|. Effect of Inverter Harmonics

Analytical and FEA methods generally assumes sinusoidal
voltages. The core loss increases when an EM is supplied by
inverter due to the injection of high order harmonics. Inverter
voltage harmonics increase the ohmic loss (i.e., skin and
proximity loss) in induction motors and the eddy current PM
loss in PM machines.

The electric equivalent circuit models can be solved for
different harmonics of the inverter when the amplitude of the
harmonics is determined analytically. These methods are not
accurate because the equivalent circuit parameters are found
based on the fundamental frequency [39]. The inverter
harmonics can be modelled in FEA by coupling a circuit
simulator with the FEA or use of predefined inverter waveforms
[40]. However, these approaches substantially increase the
simulation time. An analytical model considering the effect of
the high-order harmonics for correct estimation of the
conductive, core, and PM losses is complex and yet to be
presented.

IVV. DIRECT EFFICIENCY MAP ESTIMATION

In a direct method for estimation of EffMs, torque, voltage,
and losses are directly found for the operating condition
(14,14, w). It can be performed using either:

o finite-element analysis: a simulation model is run at
the operating conditions and the finite-element
predictions of torque, voltage and losses are used.

e experimental testing: a prototype machine is run on a
dynamometer at the operating conditions and the
measurements are taken for voltages, currents, input
and output power.

These direct efficiency map results are more accurate than
indirect estimation methods but are slower and for experimental
measurements requiring a prototype machine and significant
experimental equipment.

As shown in Fig. 3, experimental measurement of the
efficiency map of a test machine involves loading it with a
dynamometer machine and finding its minimum input power
when producing each desired torque and speed operating point.

Both the test and load machines need to be controlled by
variable-frequency drives. One drive is normally in speed
control mode and the other in torque control mode to allow
stable operation. The test machine generally acts as a motor and
the dynamometer machine as a generator. The generated power
can be dissipated in a resistive load bank or regenerated to the
AC mains. A more efficient approach is to connect the DC link
of the two drives together to allow recirculation of the power.

This means that the only input power required is that to supply
losses in the system.

An electric power analyzer is normally used to measure the
voltage, current, and power at the input of the test motor. A
brushless torque transducer allows measurement of the torque
and speed signals. For synchronous machines, the stator current
frequency can also be used for speed estimation.

The measurement of the EffMs can be carried out using a
hardware in the loop (HIL) system [41]-[43]. In such a system,
the collection of the measured data and setting the drive torque-
speed references is done using devices like field-programmable
gate array (FPGA) boards [44] or general purpose control
hardware such as a dSPACE MicroLabBox [23].

There are two approaches when experimentally measuring
the efficiency for a given operating point. Firstly, searching for
the optimum (14, I,) within the voltage and current constraints,
likely starting from a pre-calculated optimum reference (I4, I,)
value found using analytical or numerical methods. Secondly,
just applying the pre-calculated reference values, checking that
the torque is achieved and voltage/current limits are
maintained, and then measuring the efficiency [23].

The number of torque-speed operating points required for an
accurate efficiency map calculation has been investigated. One
researcher used 1,600 operating points [45], while a later work
indicated that 300 operating points may be sufficient for
calculation of an EffM up to 5 times of the rated speed [42].

In an standard efficiency measurement process [43], [45],
data should normally be collected at a constant temperature. At
the start of the test the machine is normally loaded at the rated
torque allowing to reach its rated temperature. During the EffM
measurement process, the loading can be varied to seek to
maintain the motor temperature within acceptable limits [43].

V. CALCULATION OF EFFMS USING COMMERCIAL SOFTWARE

Commercial finite-element software such as Ansys
Electromagnetics [46], IMAG [47], and Motor-CAD [48] have
introduced toolboxes to calculate the EffMs of the EMs. In this
section, the methods that these toolboxes use to calculate EffMs
are briefly explained.

These toolboxes compute the fluxes and losses over a range
of current magnitudes and current angles for PM machines. A
process similar to that described in Section I11.C is then used to
find the EffMs. Where JMAG and Ansys electromagnetics use
a complete FEA to find these data, motor-CAD uses a
combination of FEA and an analytical solver to build the loss
maps of the EMs [49]. Hence, the EffM calculation time of the
motor-CAD is less than the others. JMAG and motor-CAD use
the current-driven model to predict the EffM of induction
machines. Ansys electromagnetic uses a voltage-driven model
for induction machine EffM calculation. In this model, the
voltage magnitude, slip, and frequency are variables.

Ansys Electromagnetics offers various control methods
including minimum total loss, MTPA, minimum copper loss, or
minimum iron loss. Stator current control (I; = 0), MTPA,
maximum torque per flux, and maximum efficiency are the
available control methods provided by JIMAG. MotorCAD only
reports the EffMs calculated by MTPA control.
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These toolboxes use a similar approach to consider the
additional loss factors. The resistance values are updated
analytically before loss calculation in these packages. The skin
and proximity effects on stator resistance can be considered.
However, these effects are applied analytically to update the
losses. The mechanical losses are based on a user-defined input.
These toolboxes ignore the effect of the inverter harmonics for
loss computation.

V1. DiscussioN oN EFFMs CALCULATION MODELS

This section discusses EffMs of induction and permanent
magnet motors and compares the results of different methods
with consideration of the various factors in EffMs calculation.

A. EffM of IMs

This section compares the calculated efficiency maps for an
example 2.2kW IM investigating the effects of using linear
versus saturation models and maximum efficiency versus
MTPA control. The studied IM electrical characteristics and
geometry are tabulated in Appendix I.

S0 60 70 80 90 100 0 1 2 3 4 5 6 7[Hg

i

17 17
M15 "
E El
E,IO Ell
g [}
& 5 7
s 5 3 =
2 “daz Sal L e

o L 0

0 1000 2000 3000 4000 0 1000 2000 3000 4000

rotor speed [rpm] rotor speed [rpm]

@ ' (b)

Y
L

1000 2000 3000 4000

torque [Nm]
= w S >3
80
S8
torque [Nm]
2 o = £ 3

0 1000 2000 3000 4000 0

rotor speed [rpm] . rotor speed [rpm]
(©) (d)

17

15 L !
) 1.5
Z 10
[}
z -
g !

0 1000 2000 3000 4000

rotor speed [rpm]

0
0 1000 2000 3000 4000 0
rotor speed [rpm]
(€
Fig. 8. The calculated efficiency maps (left column) and corresponding required
control parameter of slip frequency (right column) for an example 2.2kW IM
based on the equivalent circuit model. Rows 1 and 2 are using a linear (Row 1)
and saturating (Row 2) magnetizing inductance with maximum efficiency
control. Row 3 is using a saturating model but with MTPA control.

Fig. 8 shows calculated efficiency maps (first column) and
corresponding required control parameter of slip frequency
(second column) for three cases based on the equivalent circuit
model. The first two rows use maximum efficiency control with
row 1 showing a constant (equal to its rated value) magnetising
inductance and row 2 including saturation. Row 3 uses MTPA
control and includes saturation.

The effect of magnetising inductance saturation (comparing
rows 1 and 2), is to slightly reduce the low-speed torque
capability, reduce the efficiency over most of the operating
range and to increase the required slip frequency at higher
torques in the low-speed region. The effect of MTPA versus
maximum efficiency control (comparing rows 2 and 3) is a
small reduction of efficiency at low to medium torque values at
higher speeds with a significantly different slip frequency used.

In some literature and commercial software, like Motor-CAD
[48], MTPA control is used to calculate the EffM instead of the
maximum efficiency control. The obtained EffM from Motor-
CAD software for the same 2.2kW induction machine is
presented in Fig. 9 and shows a good agreement with the
equivalent-circuit results with MTPA (Fig. 8e).

B. EffM of PMSMs

The efficiency map of a 50kW interior permanent magnet
motor (i.e., 2" generation IPMSM in [18]) is presented in Fig.
10. Several 2-D FEA simulations are executed to find the
equivalent circuit parameters with and without saturation
consideration. Also, the dg-fluxes required for the flux mapping
technique are obtained in different pairs of dg-currents using 2-
D FEA.

Comparison of the efficiency map calculated with the linear
electric equivalent circuit (Fig. 10a) and with consideration of
the saturation (Fig. 10b) shows the smaller efficiency of the
machine in the constant torque region and a higher efficiency in
the field weakening region. A constant value of the core
resistance in the electric equivalent circuit was considered to
estimate the core losses in the linear model. The Steinmetz
equation was used for core loss prediction in the saturation
model. In Fig. 10(c), the core losses were estimated using the
corrected analytical model with FEA explained in Section I11.C
and Fig. 6. It is seen that the obtained efficiency map using this
technique is mostly like the linear model since the inductances
are constant in the performance estimation.

. . |
50 60 70 80 90 100 9]
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"500 100 1500 2000 2500 300 3500 4000
Speed (rpm)
Fig. 9. Efficiency maps of the 2.2kW IM obtained by MotorCAD using MTPA
control.
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TABLE Il. COMPARISON OF THE CLASSICAL METHODS IN TERMS OF
ACCURACY AND SPEED OF CALCULATION FOR AN EXAMPLE ANALYSIS.

Max FE FE simulations | Calculation
Methods . . . .
error % |Simulations time time
Linear equivalent | ., 2 017h 0.01m
circuit
Saturation 0
equivalent circuit 10% 4l s.7h 0.38m
Correlcted core 15% 80 74h 087 m
0ss
Fluxmapping | 5o, 225 19h 0.6m
technique
ANSYS 1 oo 500 43h 4m
Electromagnetics

The flux mapping technique is used to calculate the EffM in
Fig. 10d, the maximum torque in the constant torque region is
slightly reduced due to the g-axis flux reduction at higher
currents. The flux-linkage results for this machine were given
earlier in Fig. 4 which shows when the d-axis current is zero
and g-axis current is at its maximum value, the g-axis flux is
less than the saturation model and the linear electric equivalent
circuit. As shown in Fig. 4, the d-axis flux reduces significantly

at larger currents in comparison to the linear and saturation
models. This reduction on one hand leads to reduction of the
efficiency because of the increase of the core losses in the field
weakening region. On the other hand, it limits the torque
generation. As shown in Fig. 10d, at the end of the field
weakening region, the obtained torque is less than the saturation
and linear models.

Table Il compares the above EffM calculation techniques in
terms of accuracy and time. The accuracy is reported based on
the comparison of the results in Fig. 10 with the FEA predicted
efficiency maps from Ansys Electromagnetics [46]. In this
table, the simulation time for the linear equivalent circuit is the
time for running open-circuit and short-circuit FEA simulations
to find the equivalent circuit parameters. The time for the
saturation equivalent circuit includes the FEA simulation times
for loading tests at 40 points to find the d- and g-axis
inductances and an open-circuit test to find the core loss value.
The time for the corrected core loss models includes 40 open-
circuit and 40 short-circuit FEA simulations at different
operating speeds to find the core loss variation. Finally, the flux
mapping technique preparation time covers the collected data
for 15 x 15 pairs of d- and g-axis currents to find the flux and
loss maps. The required simulation time is an important factor
for selection of the method in each application. In this table, the
calculation time is the required time for estimation of EffM for
all considered pairs of torque and speed.

The calculated EffM from the Ansys Electromagnetics and
its difference with the results of the flux mapping technique are
presented in Figs. 11a and 11b, respectively. A comparison of
Figs. 10d and 11a shows that the maximum produced torque in
the constant torque region is about 5% less than the flux
mapping technique. The difference map shown in Fig. 11b
demonstrate these two methods have less than 1.5% efficiency
difference in the torque-speed envelope.

VIl. RESEARCH OPPORTUNITIES

Although many studies on the calculation of the efficiency
maps have been conducted, some aspects of the losses have not
been studied in detail. For instance, in most of the calculation
methods, the converter losses which play an important part
especially at higher speeds have been ignored. It has been
shown that the converter losses can be equal to the core losses
at higher speeds under light load conditions [50]. Therefore, it
is useful to include the effect of this type of loss for EffMs
calculation. The inverter operation also leads to injection of
high-order harmonics into the winding which can affect the
ohmic and core losses of EMs is another important factor to
improve the accuracy of the estimated EffM.

It is possible to include the inverter in a multi-physics
simulation for analytical and FEA. However, it substantially
increases the computation time. The development of an
analytical model for calculation of the inverter losses can
improve the accuracy of the analytical and combined analytical-
FEA calculation of EffMs.

The improvement of the accuracy of the estimation of core
loss is another important subject for further study. Although the
Steinmetz and Bertotti equations offer good accuracy in the
estimation of the core losses, they ignore the effect of high order
harmonics, especially in tooth. In addition to the discussed
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models, literature has introduced loss function to predict the
efficiency maps. However, loss functions do not predict the
core losses with an acceptable accuracy [51].

The available temperature effect consideration is usually
done based on the machine temperature for a certain operating
point. However, the machine temperature changes with the
load. As discussed in [52], the challenges of multi-physics
simulation using computationally-expensive  numerical
methods are the main challenges consideration of temperature
effects in EffMs. A fast dynamic modelling of the thermal
behavior of the machine is useful to update the machine model
parameters during a vehicle driving cycle.

VIII.

In this paper, various efficiency map (EffM) calculation
techniques including their advantages and disadvantages were
explained. Also, alternative methods to improve the calculation
accuracy/speed of the EffMs were discussed. Finally, possible
future research opportunities were highlighted.

CONCLUSION

APPENDIX |

TABLE II1. STUDIED IM ELECTRICAL CHARACTERISTICS AND GEOMETRY.
Electrical Characteristics
Rated line voltage [V] 415 | Rated power [W] 2200
Frequency [Hz] 50 Number of poles 4
Geometry and dimensions
Stator outer diameter [mm] | 165 | Stator inner diameter [mm] 105
Rotor outer diameter [mm] | 104 | Rotor inner diameter [mm] 38

Number of stator slots 36 Number of rotor slots 28
Lamination material M19 | Stator winding [AWG] 18
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