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Stator Current Vector Determination Under

Consideration of Local Iron Loss Distribution for
Partial Load Operation of PMSM

Andreas Ruf, Simon Steentjes, Andreas Thul, and Kay Hameyer, Senior Member, IEEE

Abstract—TIron losses have a large share in the overall losses of
high power density electrical machines operating as variable speed
drives. Especially in the partial load area, the ratio of iron losses is
dominant with respect to the copper losses. Therefore, commonly
used control strategies, such as maximum torque per ampere or
maximum torque per voltage, aiming at minimizing the current
for given restrictions as the maximum voltage do not select the
best direct and quadrature currents to maximize the efficiency or
minimize the overall losses at each operating point. This paper
elaborates a stator current vector determination strategy consid-
ering the iron loss distribution at all operating points, comparing
different iron loss models in a machine with distributed windings.
Depending on the operating point and the operational conditions
of the machine, the overall losses can be reduced up to 7%.

Index Terms—Efficiency optimization, field oriented vector con-
trol, loss minimization, nonlinear optimization.

1. INTRODUCTION

ERMANENT-MAGNET synchronous machines (PMSM)
Pare used in electrical drive trains requiring high power
density and high efficiency in a wide operating range. Especially
PMSM with buried magnets offer high power densities and
low rotor losses. The magnetic saliences leads to a reluctance
torque which can be used applying the best direct and quadrature
(dq) current combination to maximize the torque per ampere
(MTPA). This results in minimal copper losses and is a common
choice. However, in high power density machines operating as
variable speed drives iron losses have a large share in various
operating points due to high magnetic utilization and elaborated
field frequencies. On that account, the iron losses need to be
considered in all operating points to select the best direct and
quadrature current combination leading to the lowest overall
losses. For this purpose, the iron loss calculation scheme is
of particular interest. This loss minimizing control strategy is
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known as the maximum efficiency (ME) control, whose theory
is well known and has been proposed and applied by different
authors [1]-[3].

A commonly used approach to represent the variability of the
iron losses is to add a speed-dependent iron loss equivalent resis-
tance to the machine model [1], [2], [4]-[7] or to employ variable
loss coefficients [8] and elementary iron loss models [9]-[13].
All of these approaches solely consider iron losses caused by
the fundamental harmonic of the magnetic flux density in the
machine leading to a strong simplification, in particular in the
field-weakening range.

The main challenge and central task of the loss minimizing
control strategy is an accurate description of the considered loss
components maintaining the simplicity of the loss models to
be applicable for real-time applications. Depending on whether
or not a prototype exists, the loss models are parametrized by
measurements [11], [14] or directly lookup tables of measured
losses are used to accomplish the simplicity and accuracy [8].
Considering the speed-dependent additional losses during the
control of the machine enables to minimize the overall losses,
tantamount to maximizing the efficiency. For PMSM especially
at the partial load area the efficiency can be improved, because
at this area the iron losses are dominant. Considering the drive
cycles of speed-variable traction drives in [8] and [14] show that
the average efficiency gain or energy loss decrease rises up to
2 %, which is a non-negligible amount that can be achieved by
the correct control of the machine.

This paper deals with the same methodical approach to min-
imize the overall losses, but in contrast to other investigations,
this paper bases the iron loss estimation solely on standardized
Epstein measurement data to parametrize the applied iron loss
models in combination with a finite-element model and specific
control strategy to incorporate the operation characteristics of
the machine. This approach allows combining efficiently the
material information gained from standardized measurements
(loss and nonlinear magnetization behavior) and the operation
dependent load characteristics. Therewith, an a priori design and
loss prediction of the machine across the whole torque—speed
map is possible. The importance of the used iron loss model and
the comparison with measured data is discussed in detail. This
paper uses two extended iron loss models [15] in combination
with finite-element simulations to derive a more accurate loss
minimizing control strategy. These two extended iron loss mod-
els share an additional eddy-current loss component to account
for increased iron losses at high magnetic flux densities and
high excitation frequencies. They are different in terms of the
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consideration of higher harmonic flux density component and
the hysteresis loss component.

II. MODELING APPROACH
A. Machine Model

In order to evaluate the proposed methodology a PMSM ma-
chine with buried magnets (see Table II) is modeled in a rotor-
flux-fixed dq-reference frame including cross coupling magne-
tization and saturation [16]

\ifd de Ld gd \i/f ,d

= NI (1)

vy Lga Lagq 1q Ut 4
The quadrature and direct current is varied during simulation to
extract the torque calculated by the eggshell method for different
excitation [17]. The average torque is determined by the formula

T = gp (\izd%q _ xi/qid) . )

To calculate the efficiency of the machine, the various loss com-
ponents which occur during the operation have to be considered.
These are detailed in the following sections.

B. Copper Loss Model

For the consideration of the copper or ohmic losses, the
equation

is used. The influence of the changing temperature of the stator
windings is taken into account using a temperature dependent
stator resistance Ry (f), which is calculated by

Ra(6) = Re(6) - (1+ a0 (0 — o)) . 3)

The resistance Ry(fy) is determined by a dc measurement at
temperature 6y and for the simulation results set to a fixed
value at temperature 6 = 100 °C with the temperature coeffi-
cient apg = 3.9 - 1072 K~1. Comparing the simulation results
with measurement results, the temperature of the winding is
considered. Additional copper losses due to eddy currents and
inverter loss are not taken into account.

C. Iron Loss Model

The utilized iron loss model [ 15] is critical to this control strat-
egy. The model is critical to deliver reliable and accurate results
in all operating points of the machine, i.e., material saturation
characteristics, rotational iron losses, and harmonics need to be
considered. Based on this, the loss distribution can be calculated
and the control strategy adjusted. In this paper, two different iron
loss calculation methods are applied. The first one calculates the
iron losses solely based on the fundamental component of the
magnetic flux density B; in combination with the fundamental
frequency f;. More precisely, the Fourier summations in (5) to
(8) are replaced by the fundamental components. The second
approach considers the influence of induced field harmonics us-
ing a Fourier series representation of the magnetic flux density
waveform for the least common multiple of an electrical period
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TABLE I
IRON LOSS MODEL COEFFICIENTS FOR THE INVESTIGATED ELECTRICAL STEEL,
CLASSIFIED AS M330-35A

« ay a as ay as

2.0 18.531e™®  62.75¢70  32.55¢73 5.0

and the rotational period of the rotor. Based on this, the ampli-
tudes and orders of the field harmonics can be used for the iron
loss calculation [18]-[20]. The level of magnetic flux distortion
and rotational magnetization are included in both models in a
similar way using the maximal and minimal magnetic flux den-
sities Bax, 1.€., Bmin, over the finite elements of the machine
model during one magnetic period

PFe = Physl + Pclassical + Pexcess + Psat (4)

with the following loss contributions:

Bmm
Physl - <1 + = B (Thyst - 1)) maxfl (5)

max
Pclassical = az Z ( n nfl ) (6)

B
Pexcess = 1+ —— min Texcess — 1 >
( Bmax ( )
x Z (B2 (1)) ™
Pu = azazByil* ff ®)
where £

B represents the ratio of minimal and maximal mag-
netic flux density amplitudes over one magnetic period and iy
as well as rexceess the rotational loss factor [15]. Considering the
flux distortion factor, arbitrary spatial flux density loci can be de-
scribed. The second component considers the classical Foucault
eddy current losses and takes harmonics into account. Hereby,
a summation over all n harmonics is conducted. The same is
performed for the third, the excess loss component. Thereby B,
represent the amplitude of the n-th harmonic.

The material dependent parameters (a; — a; and «) of the
iron loss model (see Table I) are identified using standardized
Epstein measurement data (purely sinusoidal magnetic flux den-
sity waveforms).

These parameters are adjusted to account for occurring de-
terioration effects due to induced mechanical stresses. In order
to map the effect of mechanical stress due to cutting into the
iron loss estimation scheme used for machine calculation, the
hysteresis losses which are most prone to manufacturing pro-
cessing are modified using the overall cut edge length per unit
mass being a measure of the induced cutting stress instead of
using empirical building factors [21], [22]. This approach was
validated using a loss parameter set solely based on single sheet
tester measurements of samples with varying proportion of cut-
ting surface per unit volume [22] and applied in this paper using
Epstein datasets.
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Fig. 1. Comparison of calculated iron losses (lines) with measurements (dots)

at different frequencies using parameters of Table I for material grade M330-
35A.

A comparison of loss predictions and measurements is de-
picted in Fig. 1.

D. Bearing Loss Model

The losses due to friction occurring in the shaft bearings are

modeled by using an analytic approach
Pbear - nbearf() (Ubearn)% dgear - 2mn - 1077

where npears fo, Ubear, aNd dpeyr denominate the number of bear-
ings, the bearing coefficient, the bearing viscosity, and the bear-
ing diameter. Values for f; and wp, are taken for the data
sheets provided by the bearing manufacturer. They are both
temperature dependent and set to a mean value depending on
the operating conditions.

III. MODEL-BASED CONTROL STRATEGIES

In order to calculate the operation points for the entire operat-
ing range, a combined control strategy is used. The optimization
problem is defined by

2 P
qQ.i.j

. . . o o _ ’?2 o
minimize  J(ia,i,j,%q,i,j) = RN

td,i,jslq,i.j €R
. 3 /s A .
subject to T} = ip (‘I’d,izq,i — \I/q7izd7i) Vi=1,....m

ﬁ_j:wj\lligﬁmax Vj:l,...,n

with the torque vector 71,75, ..., T, subject to m € N and
the speed vector ny,na,...,n, with n € N. This optimization
problem combines the MTPA control for the base speed range
and the maximum torque per voltage (MTPV) control for the
flux weakening range. This control strategy minimizes the cur-
rent vector, which is tantamount to minimized ohmic losses.
Since the current amplitudes are known, which is the case for
current driven controls, this control scheme is a simple method
to reduce the losses and maximize the efficiency. However, this
control strategy neglects the other losses, which are influenced
by the direction and amplitude of the current vector. Due to
the current-dependent magnetic field distribution the iron losses
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(b) Flux linkage vs. 44, 2.

(a) Average torque Vvs. %d, %q.

Fig. 2. Torque and flux-linkage in dg-reference frame. (a) Average torque
VErsus i, iq . (b) Flux linkage versus iq, i
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Fig.3. MTPA-trajectory versus iq, %q.

are also dependent on the position of the current vector for
each occurring frequency. For this reason the iron losses can be
considered in the control strategy by

_minimize  J(Pross,ij) = Powij + Prei.j

i(i.v,_]wifl-i-.l €R
Sllb]eCt to T} = §p (\I/d,izq,i — \IJqA,i'Ldﬁi) 5 Vi= 1, Lo,

ﬂj:wjllfigﬂmax, Vj:l,,n

This optimization problem combines the maximum torque per
loss (MTPL) control or the ME control for the base speed range
and the MTPV control for the flux weakening range and it has
the same boundary conditions as the MTPA control.

IV. RESULTS
A. Simulation Results

Fig. 2 presents the result of the calculated average torque
and flux-linkage for different dq-current excitations using finite-
element simulation. In the case of a PMSM with buried magnets,
it is shown that the torque and the flux strongly depend on the
magnitude and angle of the rotor-flux-fixed current vector. This
current-dependent data can be used by the first control strategy
to calculate the speed—torque depended operating points.

Fig. 3 shows the trajectories of the average electro-magnetic
torque calculated with different current excitations. Further,
an overlapping mesh of calculated operating points, from 0
to 400 Hz fundamental electrical frequency and 0 to 190 Nm
inner electro-magnetic torque, using the combined control
strategy is mapped. The rotor-flux-fixed current vectors are
defined for each operating point by the operation points, which
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Fig.5. Loss distribution versus the d-axis current (n = 3000 min—1).

are calculated for the given optimization problem. The basic
speed range is represented by the trajectory that extends along
the rising torques (red), whereas the flux weakening area is
represented by the mesh below this trajectory.

In comparison to these results, Fig. 4 presents the operating
points for the overall loss minimizing MTPL control strategy.
For the MTPA control, all operation points for different frequen-
cies in the base frequency range are on the MTPA-trajectory
(red) until the voltage limit is reached, because only the cur-
rent is considered and minimized by this strategy. As soon as
the voltage limit is reached, the operating points are frequency
dependent due to the additional flux weakening. This operation
area is, for both control strategies, the same, because the volt-
age limit is in both cases the dominant factor or boundary and
the point of minimum current as well as the point of minimum
losses are out of the possible current excitations. The MTPL
control strategy can exclusively be applied in the base speed
range. In Fig. 4, the MTPL-trajectories for four different veloci-
ties are presented. At standstill, the trajectory corresponds to the
MTPA-trajectory. With elevated speed, the trajectories move to
the negative d-axis, i.e., the flux weakening to reduce the flux
density and the occurring iron losses to accomplish the point of
minimum losses. Points of operation can be realized by differ-
ent current excitations along the trajectories for given torques
and speeds (see Figs. 5 and 6). It is apparent that the point of
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minimum losses is shifted to the direction of the negative d-axis.
By decreasing the hysteresis loss by flux weakening, the higher
field harmonics can cause an increase of eddy current losses,
which need to be considered to minimize the overall losses. The
result of reducing losses for all operation is presented in Figs. 7
and 8. The maximum reduction of losses primarily depends on
the voltage limit, which is also shown in Fig. 6. As soon as
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TABLE II
SIMULATION AND MACHINE PARAMETERS OF THE IPMSM

NdFeB
8/48
Distributed winding

Magnet material
Number of Poles/Slots 2p /N
Winding configuration

Stator outer radius 7s¢ator. o 135 mm
Rotor outer radius 7ot o1 .o 80 mm
Axial length I, 90 mm
Air gap length § 0.7 mm
Battery voltage Ugc 400 V
Rated current 7, 142 A
Rated torque M, 162 Nm
Rated speed n,, 2500 min~!
Rated power P, 42.4 kW

the voltage limit is reached, the MTPV criteria is the dominant
factor for adjusting the dq-current combination. Fig. 8 presents
the relative reduced sum of losses in % using the following
formula:

_ Puvrpa — PurpL

P% =
Pyt

The area which is reached just before the voltage limit is the
most influenced area by the loss minimizing strategy. In particu-
lar, the partial load area, where the iron losses are dominant, the
efficiency is increased. For this machine this method achieves
the best results between 3000 and 4000 min .

B. Experimental Results

The machine under test is an eight-pole synchronous machine
with V-shape internal permanent magnets (IPMSM), dimen-
sions and electrical parameters are given in Table II. The load
machine is a speed controlled induction servo motor. A torque
transducer (HBM T12) is coupled between the machine under
test and the load machine. The power analyzer (Yokogawa WT
1800) is used to calculate the electrical input power. The power
analyzer additionally calculates the mechanical power transmit-
ted between the machine under test and the load machine using
the torque transmitter. Thus, the overall power losses in the ma-
chine under test can be determined. As the iron losses cannot be
measured directly, an accurate copper loss calculation is impor-
tant for a proper iron loss separation. Therefore, the temperature
in the stator winding is measured at different positions to eval-
uate the average temperature. The initial magnet temperature is
measured using a rotating telemetry and has a value of 51 °C.
During the measurements of the maps presented below, the in-
duced voltage is measured in the no load case to evaluate the
temperature change of the magnets. The change in the induced
voltage in no load operation is below 0.9 %, what indicates a
temperature change of below 10 K. Comparing measurements
with simulations, the temperature of magnets in the simulation
is kept constant at 55 °C.

Fig. 9 presents the measured points (black) and the interpo-
lated temperature in the end winding of the stator during the
following analyzed measurement. Using (3), the temperature-
dependent stator resistance value can be calculated for each mea-
surement. In addition, the mechanical losses through bearings
are calculated with Section II-D. Since these are small compared
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Fig. 10.  Comparison of measured (black) and simulated (white) torque.

to the copper and iron losses, the mean measured temperature
is used for approximating the bearing coefficients. Since the
simulation results indicated that the maximum achievable loss
reduction can be achieved for operating points located close to
the maximum inverter voltage (between 3000 and 4000 r/min)
as shown in Figs. 7 and 8, a fixed speed of 3000 r/min is chosen,
where the voltage limit does not reach the maximum voltage for
all current vectors. The reference speed is controlled by the load
machine. For the MUT a grid of reference values is defined in
the dq-current plane, as indicated by the black dots in Fig. 9. For
each quadrature current value, the direct current is varied. To
keep the temperature changes caused by high currents as small
as possible, small and large reference current values are set al-
ternately. As seen in Fig. 9, the temperature change during the
measurement is limited to 30 K using this procedure. The change
in rotor temperature, which affects a change in the permanent
magnet flux density and further a change in the induced voltage,
torque, and iron losses. During the measurement, the induced
voltage is evaluated after each step in no load tests to keep the
change in the voltage and temperature low. To avoid multiple FE
simulations, the mean value of the measured induced voltage is
used to adapt the flux linkage in the simulation.

Figs. 10 and 11 present a comparison between measured
(black) and simulated (white) torque and flux linkage values
in the dg-reference current plane, which indicates a good corre-
lation between the measured values and this simplification. In
order to achieve a good match between the measured flux link-
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(without harmonics).

age and the simulation results, the machine model described
in (1) must be extended by a leakage inductance. This leakage
inductance is determined by parameter variation during post pro-
cessing and set to the value L, = 50 pH. The result of the adap-
tation is shown in Fig. 11. This shows in the whole dg-reference
plane a good match. After this adaptation, the machine can be
controlled by the MTPA/MTPYV control using the dq-current de-
pended flux linkage and torque. For the loss minimizing control
MTPL, the losses must be known. For the copper loss model, the
stator resistance and the temporary winding temperature have to
be measured and it is simple to calculate the ohmic losses occur-
ring in the winding. For higher electric frequencies additional
losses by eddy currents have to be considered in this model. The
knowledge about the temporary occurring iron losses is not as
simple. In this paper, two models are used to compare the utility
for the loss minimizing control. As described, the two models are
parameterized by measurements at the Epstein frame. In order
to determine the losses occurring in the machine, the difference
between the supplied electric power and the mechanical power
is calculated. The measured efficiency (black) is presented for
3000 r/min in Figs. 12 and 14. The first comparison between
measured and simulated results using the first iron loss model,
without considering the harmonics in the flux density, is pre-
sented in Figs. 12 and 13. The results show a good match in the
direction of the quadrature current and a nearly good match of
the point of ME. In the direction of the negative direct current
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Fig. 14.  Comparison of measured (black) and simulated (white) efficiency
(including harmonics).

the consistency of measured (black) and simulated (white) re-
sults is poor. The simulated efficiency is too high in the greatest
part of the measurement and increases in the direction of the
d-axis. This is a result of the underestimated losses in the flux
weakening area, which can be seen in Fig. 13. The measured
and simulated data have a good match for high d- and g-currents
but decreases in the partial load area. As shown in the simulated
results, the area of partial load is the most important area for the
loss minimizing control, because in this area the iron losses are
the dominant loss part, which has to be minimized.

Adding the iron losses produced by the harmonics in the flux
density leads to a significant improvement of the data match.
Especially the efficiency comparison in Fig. 14 shows an excel-
lent match of the measured and simulated data. The point of ME
can be calculated more precisely. In particular flux weakening
area in negative d-axis show a high improvement comparing
to the first approach with the iron loss model without harmon-
ics. Fig. 15 presents the comparison between measured and
simulated losses. This approach shows a good match between
measured and simulated losses. Comparing to the first approach,
the losses increase in the whole dg-plane and are particularly se-
vere in the flux weakening area. However, this approach shows
an overestimation of the iron losses near the d-axis. Building
the difference of the two iron loss simulation approaches de-
livers the part of losses produced by harmonics in Fig. 16. The
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calculated iron losses increase in the negative d-axis, which is
in contrast to the behavior of the flux linkage.

V. CONCLUSION

In this paper, a methodology to reduce the overall losses
in arbitrary operating points is proposed. Central part of this
loss minimizing control strategy represents the simultaneous
consideration of occurring copper losses and current dependent
iron loss distribution. It is shown that this approach can be
used to calculate the loss distribution a priori using iron loss
models which are parameterized utilizing standardized Epstein
measurement data adapted to account for the internal mechanical
stress due to cutting using the relation of the cutting surface to
the overall sample volume.

The used iron loss model is the most influencing parameter
for the loss minimizing control strategy and should consider
material saturation characteristics, rotational iron losses, and
harmonics to deliver reliable and accurate results in all oper-
ating points. The loss minimizing control reduces hysteresis
losses by adding a direct or flux weakening current component.
This increases the ohmic losses but also the classical current
losses, due to field harmonics, which has to be considered in
the iron loss computation. In this paper, an iron loss model is
used, which considers the influence of induced field harmon-
ics using a Fourier series representation of the magnetic flux
density waveform for the least common multiple of an electri-
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cal period and the rotational period of the rotor. This approach
shows a good validation with measured data. The interdepen-
dence of macroscopic and microscopic eddy currents, hystere-
sis, skin-effect, and magnetic saturation significantly affects the
field distribution within the lamination and as a consequence,
the overall iron losses and magnetizability. FE-Modells using
the same BH-curve for all simulated frequencies do not con-
sider the field and harmonics reducing skin effect. Therefore,
frequency-dependent magnetization characteristics are used to
map the effect of eddy currents. Uncertain factors, such as high
frequency loss in windings, eddy current loss in magnets, tem-
perature depended magnet flux, temperature depended loss pa-
rameters, and uncertain factors in the loss parameters make
the maximum efficiency control challenging in practical use.
In conclusion, this approach shows a methodology for a priori
loss prediction using standardized Epstein measurement data
to parametrize iron loss models to obtain the current combi-
nations, which minimize the overall losses in each operating
point.
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