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This article proposes a finite element (FE) based state-space model for evaluating AC winding losses in synchronous machines
to be implemented in Simulink. The model is constructed by storing multiple static FE solutions into lookup-tables to express
the magnetic vector potential on the boundaries of the stator slot region as a function of stator currents and rotor position. The
geometry-dependent FE matrices derived from the slot mesh are computed only once, while the dynamic simulation evaluates
AC winding losses at each time step based on the instantaneous operating conditions. The model allows using arbitrary voltage
excitations such as sinusoidal and pulsewidth modulated supplies seamlessly without the need of pre-computing the harmonic content
of the current waveform. Proper orthogonal decomposition is used to reduce the model complexity and speed up the simulation.
The Simulink implementation of the proposed AC winding loss model shows good agreement with the time-stepping FE simulation
results, while achieving a 60-fold speedup in computation.

Index Terms— AC losses, model order reduction, state-space model, synchronous machine, windings.

I. INTRODUCTION

AC WINDING losses are a significant source of power
loss in electrical machines, particularly at high operating

speeds. Accurate modeling of these losses is essential for
evaluating machine efficiency over an extended operating
range, such as during a full driving cycle simulation.

The calculation methods for AC winding losses can be
broadly classified into four categories [1]: finite element-
based models [2], [3], [4], [5], analytical models [6], [7],
[8], [9], [10], hybrid models [11], [12], [13], and experiment-
based models [14]. FE-based models provide highly accurate
results, but are computationally intensive and impractical
for long dynamic simulations. Analytical models offer fast
calculations, but their accuracy is often compromised due to
inherent assumptions and approximations. Hybrid models try
to combine the strengths of both approaches by solving FE
simulations at selected operating points and use the analytical
techniques to generalize the results across a wider range of
operating conditions.

Different challenges can be identified in the existing litera-
ture on AC winding loss calculation, particularly in accounting
for losses under pulsewidth modulated (PWM) supply and
in achieving a balance between accuracy and computational
efficiency. The models in [2], [7], [8], [9], [10], [11], and [13]
consider only the AC loss calculation for the fundamen-
tal frequency with sinusoidal supply. The impact of PWM
excitation on AC losses has received less attention in the
literature [6], [12], [15]. In these studies, the general approach
involves extracting the current waveform, decomposing it into
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its harmonic components, and then computing the AC loss
for each harmonic separately. The total loss is subsequently
estimated by summing the individual contributions using the
superposition principle. However, this approach limits the
applicability of such models in dynamic simulations, where
the current waveform continuously changes with the operating
conditions.

An FE-based state-space model for synchronous machines
including core loss is introduced in [16]. This model is con-
structed by solving multiple static FE simulations to represent
the winding flux linkages and the flux-density distribution in
the FE integration points as functions of stator currents and
rotor angle and storing them into lookup-tables (LUTs). The
model demonstrated good accuracy and fast execution time
when implemented in Simulink.

In this article, the SS model is extended with a winding
loss model that accounts for skin and proximity effects in the
solid stator conductors under any arbitrary voltage excitations.
However, since such winding phenomena involve internal
states due to eddy currents, the SS model based on static FE
solutions is not sufficient to model these effects. Therefore,
additional states are introduced. The winding loss model is a
2-D FE formulation of a single slot coupled with the circuit
equations of the stator winding. The resulting differential-
algebraic equation (DAE) system can be implemented as a
computationally efficient subsystem in Simulink. The winding
loss model is driven by the instantaneous conductor cur-
rents and the vector potential values on the boundary of the
slot. These boundary values are pre-computed from static
FE solutions and stored in a separate LUT as functions of
stator currents and rotor position. In addition, the proper
orthogonal decomposition technique is used to reduce the
model complexity and accelerate the simulation.

The structure of the article is as follows. Section II-A
provides a brief overview of the machine SS model. The
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formulation and implementation of the AC loss model are
discussed in Section II-B, followed by the application of the
POD technique in Section II-C. Section III-A presents the
application of the proposed AC loss model to the test machine,
while the verification against the time-stepping FE simulation
is presented in Section III-B. Finally, Section IV presents the
conclusions of the article.

II. METHODS

A. Machine SS Model

A brief overview of the motor SS model is provided here.
The complete derivation can be found in [16]. In isolated star-
connected machines, the sum of the phase currents is zero
and each line-to-line voltage acts over two phase windings.
For a three-phase machine, this can be formulated in a matrix
form as

i abc = K T i ab, K uabc = QU123 (1)

where column vector i abc contains the phase currents,
uabc and U123 contain the stator phase and line-to-line voltages,
respectively, and Q and K are connection matrices given by

Q =

[
0 0 −1

−1 0 −1

]
, K =

[
1 0 −1
0 1 −1

]
. (2)

The machine SS model is then expressed as

d i ab

dt
=

(
∂
(
Kψabc

)
∂ i ab

)−1[
QU123 − Rs K K T i ab

−K
∂
(
Kψabc

)
∂α

ω

]
(3)

where ψabc contains the stator flux linkages, Rs is the stator
phase resistance, α is the electrical rotor position angle and
ω = dα/dt is the rotor electrical speed. The flux linkages ψabc
are obtained from multiple static FE simulations as functions
of the stator currents and rotor position and stored in LUTs.

B. AC Winding Loss Model
1) Model Description: The proposed model for AC wind-

ing loss calculation is developed in two pre-computing stages.
In the first stage, the FE matrices corresponding to the slot
cross section are assembled based on the slot geometry and
material properties. In the second stage, an LUT for Dirich-
let boundary conditions is constructed from the static FE
solutions.

The FE system for a slot filled with magnetically linear
conductors and insulating material can be written as T cc 0 0

0 0 0
−FT 0 0

 d
dt

ac
an
e

=

−Scc −Scn F
−Snc −Snn 0

0 0 −lz/R

ac
an
e


+

−Scd 0
−Snd 0

0 I

[ad
i

]
(4)

where ac and an contain the nodal values of the vector
potential in the conductors and the non-conducting regions,
respectively, e contains the out-of-plane components of the
electric fields in the conductors, Scc, Snn, Scn, and Snc contain

the parts of the stiffness matrix corresponding to conducting
and non-conducting regions and their interfaces, T cc contains
the parts of the damping matrix corresponding to conducting
regions, F is a matrix for imposing the field sources and
calculating the induced voltages in the conductors, Scd and Snd
are the stiffness matrix parts corresponding to the Dirichlet
boundary values, I is the identity matrix, ad and i contain
the Dirichlet conditions and the conductor currents that are
used as inputs, R contains the dc resistances of the conductor
regions, and lz is the out-of-plane length. For loss calculations,
dac/dt and e can be obtained as[ dac

dt
e

]
=

[
−T−1

cc Scc −T−1
cc Scn T−1

cc F
0 0 I

]ac
an
e


+

[
−T−1

cc Scd 0
0 0

][
a
i

]
. (5)

Once the system is solved, the eddy-current loss per unit length
in the conductors is computed as

p =

[ dac
dt
e

]T[ T cc −F
−FT lz/R

][ dac
dt
e

]
. (6)

Systems (6) to (4) can be expressed in the descriptor SS
form as

E
dx
dt

= Ax + Bu (7a)

y = Cx + Du (7b)

p = yTG y (7c)

which can be straightforwardly implemented in Simulink.
These matrices are computed once beforehand and subse-
quently used during the dynamic simulation. It is worth noting
that these matrices depend only on the slot geometry and
material parameters and are independent of the operating
conditions of the simulation.

Besides the FE matrices of the slot, Dirichlet conditions ad
of the slot region are needed as an input to the model (7).
These values are pre-computed from the static FE solutions
and stored in a separate LUT as functions of stator current
and rotor angle. During the dynamic simulation, these values
are interpolated and fed to the model alongside the slot current.

2) Implementation: Two different approaches can be used
to implement the DAE system (7) in Simulink. The first is to
use the Descriptor SS block and provide matrices E, A, B, C,
and D to it directly. However, it turns out that the behavior
of this block depends on the choice of the time-stepping
solver and can sometimes lead to instabilities in the simulation.
Therefore, system (7) is implemented using the basic Simulink
blocks by discretizing it manually with the backward Euler
method. Equation (7a) becomes

E
xk

− xk−1

1t
= Axk

+ Buk (8)

where 1t is the time-step length and the superscripts denote
discrete time indices. The value of the state vector x at time
step k is obtained as

xk
=

(
E
1t

− A
)−1( E

1t
xk−1

+ Buk
)

. (9)
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Fig. 1. FE mesh of the machine under study. (a) FE mesh of 1/8 segment
of the machine with 1476 elements and 871 nodes. (b) FE mesh of the slot
with 8 solid conductors.

This implementation is valid for both fixed-step and variable-
step solvers. Once xk is obtained, the output equation (7b)
and the power loss expression (7c) are evaluated at each time
step to compute the instantaneous eddy-current loss per unit
length.

C. Model Order Reduction

POD is employed to reduce the computation cost of the
proposed AC winding loss model [17]. A snapshot matrix X
is first constructed by solving the full order model (FOM)
at a range of different operating points and storing the state
vector x. POD is then applied to each component in x inde-
pendently to choose the dominant modes of each component.
Singular value decomposition (SVD) is used to obtain these
modes by factorizing X to three matrices

X = U6V T (10)

where U and V are orthonormal matrices containing the left
and right singular vectors, respectively, and 6 is a diagonal
matrix containing the singular values sorted in a descending
order. The columns of U represent the POD modes and the
elements of 6 represent their significance.

Since most of the system dynamics are captured by the
first few modes, the SVD is truncated to retain only these
significant modes. These dominant modes serve as a reduced
basis to project the FOM onto a lower dimensional subspace.
The reduced order model (ROM) is then constructed by
applying this reduced basis to the FOM matrices.

III. APPLICATION AND RESULTS

A. Application

The proposed model is verified against a 2-D time-stepping
FE simulation in the case of a 200 kW electrically excited
synchronous motor equipped with eight solid conductors
per slot. The model is supplied with both sinusoidal and
PWM voltage supplies and constant field current. The static
and time-stepping simulations are carried out using in-house
MATLAB-based FE solvers. Fig. 1(a) shows the FE mesh of
the modeled sector of the machine, while Fig. 1(b) shows the
mesh of a single slot with eight solid conductors. The machine
parameters are listed in Table I.

TABLE I
PARAMETERS OF THE MACHINE UNDER STUDY

Fig. 2. Comparison between the FE model and SS model under sinusoidal
supply.

A separate model is constructed for each individual slot
within the symmetry sector in Fig. 1(a). The inputs to the
model are the Dirichlet conditions and the currents. The
Dirichlet values are obtained from the pre-computed LUT,
while the stator current is solved as a state in the SS model.
These inputs are fed to each slot model independently. The
total loss is then obtained by summing up the loss for those
six slots and multiplying by the number of symmetry sectors
and the axial length of the machine. Subsequently, the AC loss
Pac is obtained as the difference between the total loss Ptot and
the dc copper loss. Throughout the simulation, the operating
point is selected to maintain constant output mechanical power
and stator current magnitude at different speeds, ensuring a fair
comparison of the AC winding losses.

B. Results

In this section, a comparison between the proposed model
and the time-stepping FE simulation under both sinusoidal and
PWM excitations is presented. Fig. 2 compares the AC loss
obtained from the FE model and the SS model at different
speeds under sinusoidal supply. It can be seen that as the
speed increases, the AC loss increases as expected. Moreover,
the proposed AC loss model shows close agreement with
the FE results across the entire speed range. Fig. 3 shows
a comparison between the two models under PWM supply
at a fixed switching frequency of 10 kHz. The results again
indicate a good agreement between the two models. Together,
these two figures demonstrate that the proposed AC loss model
provides an accurate representation of the FE results.

A key advantage of the proposed model is its capability to
calculate the AC loss due to PWM supply directly, without
the need for prior harmonic analysis of the current waveform
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Fig. 3. Comparison between the FE model and SS model under PWM supply.

Fig. 4. AC loss as a percentage of the total copper loss under PWM supply.

TABLE II
AC LOSS AT DIFFERENT mf

or superposition of individual harmonic losses [6], [12], [15].
In that case, the PWM supply is treated seamlessly, in the same
manner as a sinusoidal supply. The effect of PWM supply on
the AC loss value is relatively minor compared to the impact
of speed increasing, similar to the result in [15].

Fig. 4 shows the AC loss as a percentage of the total
copper loss at different speeds. Around the rated speed, the
AC loss accounts for approximately 20% of the total copper
loss. However, as the speed increases, the AC loss dominates
the dc loss reaching approximately 60% of the total copper loss
at the maximum speed. This figure highlights the importance
of accurately modeling the AC winding losses, particularly in
high-speed operation.

The switching frequency can affect the AC loss. To inves-
tigate this effect, the frequency modulation ratio (mf), that
is defined as the ratio between the switching and fundamental
frequencies, is varied from low to high values at a fundamental
frequency of 200 Hz. The corresponding AC loss values
are reported in Table II, while the corresponding current
waveforms at these mf values are shown in Fig. 5. As shown
in the figure, the current waveform is distorted at low values
of mf, indicating a high harmonic content and consequently
higher AC loss values. As mf increases, the harmonic content
decreases, and the AC loss also correspondingly decreases.

The computational time of the proposed approach can
be divided into two stages: a pre-computation stage and

Fig. 5. Current waveforms at different mf values. (a) mf = 5 (b) mf = 10.
(c) mf = 25. (d) mf = 50.

Fig. 6. AC winding loss obtained from FOM and ROM. (a) Sinusoidal
supply. (b) PWM supply.

a simulation stage. In the pre-computation stage, the machine
LUTs are constructed, the vector potential values at the slot
boundary are obtained, and the FE matrices of the slot region
are assembled. For the grid data equal to the one mentioned
in [16], this process requires approximately 85 min, but it is
carried out only once.

In the simulation stage, the FE model requires about 65 ms
per time step, whereas the Simulink implementation of the
FOM requires approximately 40 ms per time step. Although
this reduction is not substantial, the Simulink implementation
offers flexibility in integrating different inverter topologies,
modulation strategies, and control schemes. Furthermore, the
computational burden can be greatly reduced through model
order reduction.

To reduce the computational burden of the proposed model
implementation, POD is employed. The snapshot matrix is
first constructed by running the FOM at different speeds
and storing the state vector x at each time step. POD is
then applied to each component of x independently to pick
the dominant modes. Fig. 6 compares the AC loss obtained
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TABLE III
SIMULATION TIME PER STEP FOR EACH MODEL

from the ROM to the one obtained from the FOM under
both sinusoidal and PWM excitations. The results show good
agreement in both cases, indicating that the two models are
consistent. Furthermore, the comparison highlights that the
accuracy of the ROM is not affected by the supply waveform.

In terms of performance, the ROM implementation only
requires 1.1 ms per time step, making it 36 times faster than
the FOM implementation and nearly 60 times faster than the
FE model. Table III summarizes the computation times for all
three models.

IV. CONCLUSION

This article presented an FE-based SS model for evaluating
AC winding losses in stator solid conductors of synchronous
machines under both sinusoidal and PWM excitations. The
model couples a 2-D FE formulation of a single slot with
the stator circuit equations and is constructed in two pre-
computed stages: first, by obtaining the geometry-dependent
matrices from the slot mesh; and second, by storing the
Dirichlet boundary values of the slot region in an LUT. A key
feature of the proposed approach is its ability to calculate the
AC loss due to PWM excitations directly without requiring
prior harmonic analysis of the current waveform. Model order
reduction using POD significantly reduces the computational
burden. The results show good agreement with the full-time-
stepping FE simulations while achieving a 60-fold reduction
in the simulation time. This model is well-suited for long
driving-cycle simulation of traction applications and allows
for assessing the impact of modulation and control strategies
on the AC winding losses.
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