
ACCEPTED VERSION 
 

Solmaz Kahourzade, Amin Mahmoudi, Wen L. Soong, Nesimi Ertugrul, Gianmario 
Pellegrino 
 Estimation of PM machine efficiency maps from limited data 
IEEE Transactions on Industry Applications, 2020; 56(3):2612-2621 
 

© 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE 
permission. 

Published version at: http://dx.doi.org/10.1109/tia.2020.2979975 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
http://hdl.handle.net/2440/128535 
 

PERMISSIONS 

https://www.ieee.org/publications/rights/author-posting-policy.html 

Author Posting of IEEE Copyrighted Papers Online 

The IEEE Publication Services & Products Board (PSPB) last revised its Operations Manual Section 8.1.9 on 
Electronic Information Dissemination (known familiarly as "author posting policy") on 7 December 2012. 

PSPB accepted the recommendations of an ad hoc committee, which reviewed the policy that had previously been 
revised in November 2010. The highlights of the current policy are as follows: 

• The policy reaffirms the principle that authors are free to post their own version of their IEEE periodical 
or conference articles on their personal Web sites, those of their employers, or their funding agencies for 
the purpose of meeting public availability requirements prescribed by their funding agencies. Authors 
may post their version of an article as accepted for publication in an IEEE periodical or conference 
proceedings. Posting of the final PDF, as published by IEEE Xplore®, continues to be prohibited, except for 
open-access journal articles supported by payment of an article processing charge (APC), whose authors 
may freely post the final version. 

• The policy provides that IEEE periodicals will make available to each author a preprint version of that 
person's article that includes the Digital Object Identifier, IEEE's copyright notice, and a notice showing 
the article has been accepted for publication. 

• The policy states that authors are allowed to post versions of their articles on approved third-party 
servers that are operated by not-for-profit organizations. Because IEEE policy provides that authors are 
free to follow public access mandates of government funding agencies, IEEE authors may follow 
requirements to deposit their accepted manuscripts in those government repositories. 

IEEE distributes accepted versions of journal articles for author posting through the Author Gateway, now used by 
all journals produced by IEEE Publishing Operations. (Some journals use services from external vendors, and these 
journals are encouraged to adopt similar services for the convenience of authors.) Authors' versions distributed 
through the Author Gateway include a live link to articles in IEEE Xplore. Most conferences do not use the Author 
Gateway; authors of conference articles should feel free to post their own version of their articles as accepted for 
publication by an IEEE conference, with the addition of a copyright notice and a Digital Object Identifier to the 
version of record in IEEE Xplore. 

 

2 January 2024 

 

 

 

 

 

http://dx.doi.org/10.1109/jlt.2022.3219821
http://hdl.handle.net/2440/136942
https://www.ieee.org/publications/rights/author-posting-policy.html




A. Exact Efficiency Map from Detailed FE Analysis

The efficiency map of PM machines can be calculated by 
using FE analysis to obtain maps of the d- and q-axis flux-
linkages and iron loss as a function of the d- and q-axis currents: 

�d(Id, Iq), �q(Id, Iq) and Pfe(Id, Iq) at a given speed [6].  It is also 
necessary to have the stator resistance Rs. For the flux-linkages, 

taking into account cross-saturation effects using �d(Id, Iq) and 

�q(Id, Iq) rather than the simpler saturation-only models, �d(Id) 

and �q(Iq), allows improved accuracy for machines with high 
degrees of stator saturation.

The iron loss also includes the rotor magnet losses. The 
speed dependence is obtained by scaling the stator/rotor 

hysteresis and eddy-current loss terms separately Pfe(Id, Iq, �).  
It should be noted that the FE results do not include any 
mechanical (bearing friction and windage) losses. The net 

torque for a motor as a function of Id, Iq and � is found using,
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where m is the number of phases and p is the number of pole-

pairs. The d- and q-axis voltages as a function of Id and Iq are 

given by,
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The total loss as a function of Id and Iq is given by the sum 

of the copper and iron losses,
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To determine the efficiency map, for each operating point 

defined as (T, �), the value of (Id, Iq) is found. This point 

produces the desired torque T at the desired speed � from (1) 
while minimizing losses in (4) and not does exceed the rated 
current (I0) or voltage (V0), 
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From these results the maximum efficiency as a function of 

(T, �) can be found,
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This maximum efficiency for a given operating point is 
normally shown as a contour plot on the torque-speed plane and 
is called the efficiency map.

B. Experimental Parameter Measurements

Experimental measurements can be performed to obtain 
both the flux-linkage and the copper and iron loss parameters. 

For the flux-linkage, �d(Id, Iq) and �q(Id, Iq) can be obtained 
using rotating tests by controlling Id and Iq with an inverter and 
measuring the resultant fundamental machine d- and q-axis 
voltages/flux-linkages.

It is often preferable to use simpler stationary tests of flux-

linkage that can only provides �d(Id) and �q(Iq) and these will 
be the results considered in this paper. A stationary test needs 
to be combined with an open-circuit test to obtain the back-emf 

and hence d-axis magnet flux-linkage �d(Id=0, Iq=0). A further 
approximation is to model the machine with constant values of 
d- and q-axis inductance Ld and Lq, 
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The copper loss is determined by the stator resistance, Rs. 

The copper loss for a given operating point (T, �) is sensitive 

to the accuracy of the flux-linkage characteristics as these 
determine the torque for a given (Id, Iq) combination.

For the iron losses (and mechanical loss), it is possible to 

measure  Pfe(Id, Iq, �) from rotating tests with an inverter and 
calculating the iron loss as the difference between the electrical 
input power and the mechanical output power after subtracting 
the stator copper losses. It is however often preferable to use 
simpler and quicker tests to measure the iron loss in different 
situations as a function of speed only. The three cases examined 
in this paper are two generating cases, open-circuit and short-
circuit, and one motoring case, no-load.

For the generating tests, the machine is rotated using a drive 
machine and its iron (and mechanical) losses found as a 
function of speed under open and short-circuit conditions. The 
iron loss is given by the mechanical input power minus the 
stator copper loss which is found from the measured stator 
current (zero for the open-circuit test). In most PM machines, 
the short-circuit iron loss is higher than the open-circuit iron 
loss.

In this paper, the estimated open-circuit loss is found using 

the FE calculated Pfe(Id, Iq, �) with Id and Iq both set to zero. 
For the estimated short-circuit loss, Iq is set to the negative 
characteristic current which is the high-speed short-circuit 
current. For the no-load test, the machine with no load on its 
shaft is driven by an inverter. It requires a small q-axis current 
to provide power for the iron (and mechanical) losses. At low 
speeds the d-axis current is zero, but at higher speeds, a 
negative value may be required to keep the terminal voltage 
below its rated value in (5). The no-load loss is determined from 
the electrical input power to the machine minus the stator 
copper losses. In this paper, the estimated no-load loss is found 

using the FE calculated Pfe(Id, Iq, �) with Iq set to zero, and Id at 
the minimum negative value to satisfy the voltage constraint in 
(5) at each speed.

III. SPM AND IPM CASE STUDY

Two examples of 50-kW PM machines are considered in 
this paper, one an interior PM design (IPM) and the other a 
surface PM design (SPM) [7]. Both are designed for a traction 
application. Fig. 2 shows the cross-sections of the designs and 
Table I summarizes their parameters.

IV.FLUX LINKAGE AND TORQUE ESTIMATION

Under real operating conditions, the electrical machines 

show some degree of saturation and cross-saturation. Under the 

cross-saturation condition (which is applicable to the most 

general case), the d- and q-axis flux linkages are functions of 

both d- and q-axis currents, $q(Id,Iq) and $d(Id,Iq). Fig. 3 (top 

rows) shows the d- and q-axis flux variation of the studied SPM 

and IPM machines as a function of the corresponding axis 

current, e.g. $q(Id). Due to cross-saturation, there are multiple 

values of flux-linkage associated with a given axis current (grey 

areas). This figures also shows the maximum efficiency region
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Fig. 2 Cross-sections of the two 50 kW machines (left SPM, right IPM).

TABLE I. Specifications of 50-kW, 12 kr/min Motors [7].

IPM SPM

Key Dimensions

- stator outer diameter

- stack length

216 mm

170 mm

- airgap length 0.7 mm 1 mm

Design Parameters

- poles

- stator slots

- number of turns

- copper slot fill (copper/slot area)

4

48

24

40%

4

6

24

55%

Electrical Parameters

- torque @ 360 A

- characteristic current (peak)

- stator resistance @130�C

164 Nm

210 A

23 m�

240 Nm

240 A

20 m�

(yellow colour). These plots also shows the saturation-only 

model (red lines), and linear model (green lines). In the 

saturation and linear approximations, it is important that the 

flux in these regions is as close to the cross-saturation values as 

possible.

In general, the d-axis flux linkage magnitude decreases with 

increasing Iq current. The effect of cross saturation is more 

pronounced for the SPM compared to the IPM. This is likely 

because the d- and q-axis flux paths share more joint areas in 

the case of the SPM. The equivalent-circuit method is used to 

estimate the machine performance using the saturated and 

linear inductance models. When using a saturation-only model, 

the d- and q-axis flux linkages are assumed only functions of 

their respective current with the other current set to zero, that is  

$d(Id,Iq = 0) and $q( Id = 0, Iq). 

With the highest level of approximation, the effect of 

saturation is ignored and machines are modeled with constant 

inductances ($d=$m+LdId and $q= LqIq, where Ld and Lq are 

constant). If the flux-linkages are not heavily saturated (like $q 

for SPM and $d for IPM), the linear model can provide 

acceptable estimation of the saturated results. For the IPM q-

axis flux linkage, there are two possible estimates for the linear 

model. The first approximation (green line) represents the 

unsaturated inductance while the second model (green dashed 

line) illustrates an approximation of the saturated inductance. 

The cross-saturation, saturation-only and linear flux-

linkage models were used to predict the torque-speed capability 

curve in the right columns of Fig. 3. The SPM shows significant 

cross-saturation and so in the constant torque region ignoring 

this produces errors of up to 30%.  For the IPM, the lower 

degree of cross-saturation means the saturation-only model 

shows good accuracy (about 4% error), but the both linear 

models have substantial errors.

In the constant power region, the machine operates with a 

constant voltage and a near constant current and thus the output 

power is much less sensitive to model flux-linkage errors. Thus 

all the models show relatively small errors in this region which 

reduce with increasing speed.

Fig. 4 shows the effect of the different flux linkage 

estimation models on the prediction of the copper loss in the 

torque-speed plane. For the SPM, it is difficult to compare the 

curves due to the substantial error in the capability curve in the 
SPM IPM
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Fig. 3 Flux linkage and torque speed envelope under cross-saturation, saturation, and linear conditions for the SPM and IPM machines.
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