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ABSTRACT With the development of permanent magnet synchronous motors (PMSMs), the accurate loss
calculation is of vital significance for the performance evaluation of the PMSM system. As the loss of the
PMSM system is determined by the control strategy, inverter, and the motor itself, which interact with
each other mutually and complicatedly, in conventional loss calculation methods they are not considered
synthetically. To calculate the PMSM system loss accurately, this paper proposes a strategy-circuit-field
co-simulation methodology, which can take into account the mutual influence of control strategy, inverter,
and motor. The proposed co-simulation platform synchronizes the control theory-based strategy simulation,
Kirchhoff’s law-based circuit simulation, and the field-based motor simulation, which reveals the real
physical process of PMSM systems. To further improve the loss calculation accuracy, a hysteresis-based
iron loss calculation method is introduced and utilized. The co-simulation results show that the proposed
method can reflect the behavior of the PMSM system more physically, and mutual influence between the
three aspects can be presented. Finally, the corresponding experiments are conducted, and the results are
compared with the simulation results, proving the proposed methodology’s feasibility and effectiveness.

INDEX TERMS Co-simulation, hysteresis-based iron loss model, loss calculation, permanent magnet
synchronous motor (PMSM)

I. INTRODUCTION

ERMANENT magnet synchronous motors (PMSMs),
known for their high performance, high efficiency, high
power density, and excellent control capabilities, are now
widely utilized in areas of new energy vehicles and robotics
[1], [2]. In recent years, to improve product performance and
enhance market competitiveness, PMSMs are rapidly devel-

but also poses a threat to the lifespan of the motor and the
inverter. Owing to the switching behavior of power electronic
devices and the magnetic material saturation of PMSMs,
harmonics are generated in the system, thereby causing losses
[7]. Hence, it is imperative to simultaneously consider all the
factors to achieve a comprehensive and accurate assessment
of the losses of PMSM systems.

oping towards higher speeds, higher efficiency, and wider
constant power speed range [3], [4], [5]. For example, the
PMSM in the automotive industry has currently achieved a
speed up to 20000 rpm. When using PMSM, it is necessary to
cooperate with inverters to achieve speed regulation. With the
increase of switching frequency, the losses of the inverter and
motors are increasing. These losses are emitted in the form
of heat, causing the temperature of the motor system to rise
[6]. This not only leads to a decrease in product endurance
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The losses of the PMSM system driven by the inverter
are mainly divided into inverter loss and motor loss [8]. The
inverter loss is mainly caused by the power electronic devices
during their conduction and switching processes. In high volt-
age and high current application scenarios, as the switching
frequency increases with the increase of motor speed, the
loss of IGBT modules will greatly increase, resulting in an
increase in IGBT junction temperature. In severe cases, it may
lead to IGBT failure, affecting the reliability and lifespan of
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the inverter [9].

The losses generated on the motor mainly include copper
losses, mechanical losses, iron losses, and permanent mag-
net loss [10] [11]. The copper loss of the motor is mainly
caused by the Joule heat loss generated by the current flowing
through the motor winding. As the frequency increases, the
copper loss of the motor will gradually increase due to the
influence of skin effect and proximity effect [12]. Mechanical
loss is caused by friction between motor bearings, rotor wind
resistance, and other factors [13]. When the motor rotates at
high speed, the air friction on the rotor surface increases,
resulting in an increase in mechanical loss [14]. In a very
small rotor heat dissipation space, it can cause temperature
rise and even demagnetize the permanent magnet [15]. Iron
loss is caused by the movement of magnetic domain walls and
eddy currents caused by the alternating main magnetic flux
in the motor iron core, especially when the motor operates
at high speed [16]. The high-speed alternating magnetic field
can cause a rapid increase in iron loss, affecting the perfor-
mance of the motor. The traditional loss separation method
is relatively accurate for estimating iron loss under sinusoidal
excitation. However, due to the nonlinearity of ferromagnetic
materials and the introduction of a large number of harmonics
into the motor by the inverter, the computational complexity
of iron loss is greatly increased, and the accuracy is signif-
icantly reduced [17]. In this case, the hysteresis model of
ferromagnetic materials must be considered, and iron loss
calculation based on hysteresis models can be more accurate.
Reference [18] proposed using experimental data combined
with the LS hysteresis model to calculate iron loss and the
accuracy is verified.

In order to analyze the PMSM losses accurately, a strategy-
circuit-field co-simulation method is proposed in this paper.
By adopting the co-simulation method, the magnetic field
harmonics caused by the control strategy, inverter, and motor
saturation can be taken into account when evaluating the
losses mentioned above. Particularly, the iron loss of the
PMSM is much influenced by the inverter harmonics. In order
to calculate the iron loss accurately, an iron loss evaluation
method based on the hysteresis model is adopted, which is
capable of simulating the minor loops caused by inverter
harmonics.

Firstly, the id=0 control strategy of PMSMs is introduced,
based on which the mathematic model of PMSMs is replaced
with Finite Element Method (FEM) model, and the strategy-
circuit-field co-simulation platform is constructed. By setting
the appropriate time step for each part of the platform, the
simulation process among different packages can achieve
real-time interaction and keep pace with each other. Com-
pared with the results in separated simulations, the results
of the co-simulation can reflect current and magnetic field
harmonics, which is the basis for accurate loss calculation.
Secondly, the theoretical and computational methods of var-
ious losses in the inverter-driven PMSMs are introduced,
especially for the iron loss that is crucial and difficult to
calculate accurately. The iron loss calculation method based
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on the LS hysteresis model is adopted to improve the accuracy
of loss calculation. Subsequently, the co-simulations of the
PMSM under different load conditions are performed, and
various losses of the system are calculated separately. Finally,
a PMSM experimental platform is established, and various
losses of the PMSM during actual operation are measured.
The experimental data verified the accuracy and effectiveness
of the loss calculation method proposed in this paper.

Il. STRATEGY-CIRCUIT-FIELD CO-SIMULATION

A. STRATEGY-CIRCUIT-FIELD SYNCHRONOUS SYSTEM
The commonly used control methods for PMSMs include
id=0 control, maximum torque per ampere (MTPA) con-
trol, maximum efficiency per ampere (MEPA) control, direct
torque control, etc [19], [20]. These control methods are
generally based on the dynamic model of the motor. Fig.1
shows the block diagram of a PMSM speed control system
using the id=0 control strategy. The speed loop and current
loop are respectively controlled by PI regulators, and the mod-
ulation module is implemented by the SVPWM technique.
Based on the control instructions, the expected stator voltage
vector is calculated in the SVPWM module, and then the
switching sequence of the six IGBT modules in the inverter is
obtained. The PMSM is driven by the inverter and responds
under the constraints of excitations and loads. Meanwhile, the
electromagnetic parameters such as magnetic flux, current,
and torque are fed back to the control system for calculation,
achieving closed-loop control of the PMSM system.
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FIGURE 1. 1d=0 Control Block Diagram.

In most scenarios, the idealized dynamic mathematic
model of PMSM is adopted in the control system, which
means that the inductance is assumed to be constant as shown
in (1). As a result, the real physical aspects of the PMSM
cannot be taken into account, such as the nonlinear property
of materials and the magnetic field distribution.

{ Ya = Lqiq + ¢
Vg = Lqiq

where subscripts of flux linkage 1, inductance L, and stator
current i denote their corresponding dq components, while

ey
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1) stands for the excitation magnetic flux of the permanent
magnet of the rotor.

Yet the electromagnetic torque equation is related to the
flux linkage as shown in (2). Once the magnetic flux is not
reliable, the computed torque and the dynamic response of
the motor would differ from the real motor, and then the
calculation accuracy of motor losses would decrease.

3
Te = ipn (wdiq - wqid) (2)

where T, is the electromagnetic torque of the PMSM and p,,
is the number of pole pairs.

If the PMSM is modeled by FEM, the magnetic field
can be calculated accurately, and the omitted aspects such
as material saturation, leakage flux, and cross-coupling, can
all be involved, and thus the flux linkage can be obtained
accurately.

The PMSM supplied through the SVPWM technique con-
tains lots of harmonics due to the high switching frequency.
The losses including the iron loss, the copper loss, and the
eddy current loss of PM, are influenced by the current and
magnetic field harmonics, therefore, in order to acquire the
exciting current precisely, it is necessary to combine the
circuit simulation and the field computation.

This paper proposed a strategy-circuit-field co-simulation
platform. The overall control logic diagram is shown in Fig.2.
The control strategy is executed in the Simulink Package,
which takes the motor speed and current as the feedback
input quantities and outputs the switching sequence of the
power electronic switches to the Simplorer package. The
PMSM responds correspondingly with the circuit excitation
and outputs the electromagnetic torque to the load, which are
all simulated in the FEM package. The three packages should
run at the same time step length, which ensures the real-
time data exchange. The application of co-simulation allows
for a balanced consideration of the impact of motor control
strategies and the motor itself on system losses. Additionally,
the use of co-simulation data for further calculations of iron
losses will enhance accuracy.

Feedback
Signals Signals

FIGURE 2. Co-simulation interaction diagram
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B. RESULTS OF THE CO-SIMULATION

In the co-simulation, the motor speed is set to 3000 rpm and
the load torque is 16 Nm. The time step is le-5 s and the
total simulation time is 0.18s. By co-simulation, the speed,
torque, phase current, d-q axis current, and the rotor position
are all obtained and shown in Fig.3. The motor speed rises
to 3000 rpm and remains stable. The motor torque is slightly
high during the motor starting process but quickly decreases
to match the load torque.

FIGURE 3. Waveforms of co-simulation results including speed, torque,
phase currents, d-q axis currents and the rotor position.

In addition to the dynamic response data of the motor, the
magnetic density cloud map of the motor can also be calcu-
lated as shown in Fig.4. The magnetic induction intensity in
certain parts is relatively high, which may cause saturation of
ferromagnetic materials.

FIGURE 4. The magnetic density cloud map obtained from co-simulation

To study the transient response of the co-simulation plat-
form, both co-simulation and separated simulation are con-
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FIGURE 5. The waveform of the motor torque and speed calculated by
separated simulation and co-simulation respectively.

ducted under four working states, including acceleration,
loading, unloading, and deceleration.

First, the motor is started from O rpm to 3000 rpm at no
load condition. Then, the load is increased to 16 Nm at 0.2 s,
and at 0.35 s the load is reduced to 0 Nm. Finally, the motor
speed is regulated to 2000 rpm. The motor torque and speed
waveform are shown in Fig.5.

The steady-state results of both the separated simulation
and co-simulation show consistent convergence in the above
four stages. In the co-simulation, the internal electromagnetic
field of the motor is calculated by FEM, and the effects of
factors such as cogging torque, motor saturation, leakage
flux, and armature reaction on the system can be considered.
Therefore, the electromagnetic torque vibration in the steady
state is also greater. Due to the difference in electromagnetic
torque calculated by the analytical model in the separated
simulation and the finite element model in the co-simulation,
the dynamic response of the co-simulation differs from that
of the separated simulation. The co-simulation is more stable
in all the dynamic processes of the four working states.

Owing to the influence of PWM excitations and power
electronic devices on the internal magnetic field of the motor,
as well as the nonlinearity of the motor magnetic circuit,
a large number of harmonics are introduced into the stator
current of the motor. These factors can also be reflected in the
waveform of the motor stator current shown in Fig.6. The in-
troduction of stator current harmonics will cause an increase
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in motor iron loss, copper loss, etc. Therefore, adopting co-
simulation to calculate motor system losses can approach real
losses more closely.
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FIGURE 6. The stator current waveform calculated by co-simulation
reflecting a large number of harmonics.

The Fourier analysis on the stator current of the motor
obtained from co-simulation is performed, as shown in Fig.7.
In addition to the higher amplitude distributed at the fun-
damental frequency, i.e. the operating frequency of the mo-
tor, there are also significant harmonic components at the
switching frequency and its harmonics. Due to the correlation
between the magnetic induction intensity and the magnetic
field intensity, the behavior of motor ferromagnetic materials
under the excitation containing high-order harmonics is more
complicated than that under sine wave excitations, resulting
in inconsistency in motor iron loss, eddy current loss, etc.
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FIGURE 7. Phase current spectrum distribution diagram

In order to study the impact of inverter power supply on
the motor, four points at different positions of the motor
stator, including tooth top, tooth center, tooth root, and tooth
yoke are selected, and the magnetic loci are observed, as
depicted in Fig.8 and Fig.9. In contrast to the sine wave
excitation, the magnetic induction intensity waveform under
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SVPWM control exhibits numerous harmonics, which will
lead to additional iron loss.

Y A
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FIGURE 9. Magnetic induction intensity waveforms at different points

Ill. LOSS CALCULATION OF PMSM SYSTEM

The proposed loss calculation schematic diagram based on
the co-simulation platform is shown in Fig.10. The total loss
of the PMSM system mainly includes losses on the inverter
side and losses on the motor side. The inverter side loss
mainly concerns the loss of the IGBT module. The motor side
losses mainly include the copper loss, the iron loss, the eddy
current loss of permanent magnets, and the mechanical loss.
All the losses are further calculated based on the obtained co-
simulation results.

A. CALCULATION OF THE IGBT LOSS

The losses of the inverter are mainly reflected in the IGBT
modules, which are composed of IGBT and the freewheeling
diode (FWD). The loss calculation methods of IGBT modules
can be divided into physical modeling method and formula
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FIGURE 10. Co-simulation and loss calculation schematic diagram

derivation method. The physical modeling method refers to
establishing a model of an IGBT, simulating its transient
voltage and current characteristics, and then calculating its
loss. The formula derivation method is to derive and calculate
the loss of IGBT modules based on control theory, power elec-
tronics technology, and other theories. These two methods
cannot take into account the motor state during the operation
of the inverter. This paper adopts the method of combining the
co-simulation platform with the formula derivation method
to calculate the loss of IGBT modules [21]. The power loss
caused by the conduction voltage drop of IGBT modules is
called conduction loss. The conduction loss of IGBT and
FWD when outputting sine waves can be obtained by (3) and

(G2

1 M cos
PcondfTr = out\/5 (2 + (P) [VTr725°C+
T 8
o 1  Mcosyp
K, 1 (T} — 25°C)] + 12,2 (8 + 37T)
[ 250 + Ki 1y (T — 25°C))]
3
1 M cos
Pcond_D :Iout\/i = 7@ [VD_25°C+
2 8
o 1 Mcosyp
K, p (T; — 25°C)] + 12,2 (8 - 37T>
[rp_250c + Ki p (T — 25°C)]
(€]

where Pcona v and cond_D are the conduction loss of the
IGBT and the FWD respectively, 1,,, is the RMS value of the
current, M is the modulation ratio of PWM, ¢ is the power
factor angle, V1, 950¢ and Vp_o50¢ are the actual conduction
voltage drop of the IGBT and the FWD at 25°C respectively,
K, 1 and K, p are the coefficient of the effect of temper-
ature on the conduction voltage drop of IGBT and FWD
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respectively, rry_o5oc and rp_osoc are the on-state resistance
of the IGBT and the FWD respectively, K, 1 and K, p are
the coefficient of the effect of temperature on the on-state
resistance of IGBT and FWD respectively, T; is the actual
junction temperature of the IGBT module.

Besides the conduction loss, the loss of IGBT and FWD
during each switching cycle can be calculated by (5) and (6).

\/i I, Ksr1 V, Kstrv
Ps,Tr :fs (Eon + Eoff) = —out. c€C

E Irated Vrated
[1+ Kenvr (125°C — Tj_1y) |

®)

\/i Lout Kspr Voo Kspv
PS,D _fSErr7 () ( ) (6)

Irated Vrated
[1 + KspT (125OC — Tj_D)]

where Ps_ 1, and Ps_p are the switching loss of the IGBT and
the FWD respectively, f; is the carrier frequency, E,,, and Eg
are the single pulse turn-on and turn-off loss, E\, is the single
pulse turn-off loss of the FWD, I..tcq and Viateq are the rated
current and voltage, Kyv1 and Kspp are the coefficient of the
effect of current amplitude on the switching loss of IGBT and
FWD respectively, Ks1yv and Kspy are the coefficient of the
effect of voltage amplitude on the switching loss of IGBT and
FWD respectively, Kstyr and Kspt are the coefficient of the
effect of temperature on the switching loss of IGBT and FWD
respectively.

A two-level inverter has 6 IGBT modules, while each
module has its own conduction loss and switching loss for
the IGBT and FWD. Therefore, the loss of the inverter is the
sum of the loss of the 6 modules as (7).

P=6 (Pcond_Tr + Pcond_D +Ps v + PS,D) (7N

B. CALCULATION OF THE IRON LOSS

The iron loss of a motor is reflected in the hysteresis loop of
the material. If the distribution of the motor hysteresis loop
can be accurately calculated, the iron loss can be accurately
calculated. This paper adopts the iron loss calculation method
based on the LS hysteresis model, which can be used for accu-
rate calculation of motor iron loss under harmonic excitation
[18]. In the LS hysteresis model, the magnitude of magnetic
field intensity is related to the magnitude, rate of change, and
amplitude of magnetic induction intensity. As shown in (8),

H = f (dB/di, B, By,) ®)

where H is the magnetic field intensity, B is the magnetic
induction intensity, B,, is the amplitude of the magnetic induc-
tion intensity, and dB/dt is the rate of change of the magnetic
induction intensity.

By measuring the magnetic field strength of ferromagnetic
materials at different magnitudes and rates of magnetic in-
duction, an LS hysteresis model database of ferromagnetic
materials in motors can be extracted, as shown in Fig.11.

The LS hysteresis model can compute the magnetic field
strength at any magnetic induction intensity. The hysteresis
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FIGURE 12. Hysteresis loop at the studied tooth root and the tooth center.

loop corresponding to the tooth root and the tooth positions
is shown in Fig.12. Due to the influence of harmonic excita-
tion, the hysteresis loop contains many local hysteresis loops,
which will increase the iron loss.

Through the built co-simulation platform, it is possible to
simulate the operating status of the motor under different
working conditions. The magnetic induction intensity wave-
form of each element can be obtained. Combined with the
established LS hysteresis model database, the hysteresis loop
of the material can be fitted. The iron loss of each element is
calculated as shown in (9).

P :f/HdB )

where f is the frequency of magnetic induction intensity. By
summing up the iron losses of all elements, the total iron loss
of the entire motor can be obtained.

C. CALCULATION OF COPPER LOSS

The copper loss of the motor is mainly caused by the alter-
nating current flowing through the motor winding. Due to the
influence of the skin effect and proximity effect, the effective
area of the conductor decreases, and the equivalent resistance
increases, leading to an increase in winding losses. The AC
copper loss of motor windings mainly includes DC loss and
eddy current loss, which can be represented as the following
equation.

Py =Py + Peddy (10)
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where P, is the AC copper loss of the winding, P, is the DC
loss of the winding, and P4y, is the eddy current loss of the
winding. The DC loss of three-phase PMSM can be calculated
by the following equation (11)

Py = 3I*R, (11)

where I, is the phase current of the motor, R, is the phase
resistance of the motor. The total copper loss including the
eddy current loss can also be calculated accurately by using
FEM.

D. CALCULATION OF THE PERMANENT MAGNET LOSS
Due to the relatively low electrical resistivity of the permanent
magnet materials used in PMSMs, large eddy currents will be
induced in the permanent magnet in high-frequency alternat-
ing electromagnetic fields, causing permanent magnet loss.
The eddy current loss of permanent magnets is related to the
changes in magnetic field, permanent magnet materials, and
permanent magnet structure. In the inverter-driven PMSM
system, a large number of harmonics will be introduced
into the motor current, which will also greatly increase the
eddy current loss of the permanent magnet. For inner rotor
PMSMs, the heat dissipation conditions of the permanent
magnet are poor. As the eddy current loss of the permanent
magnet increases, the temperature of the permanent magnet
will continue to rise, and even lead to demagnetization of the
permanent magnet, affecting the reliability and stability of the
motor. The eddy current loss of permanent magnets is not easy
to be measured directly through experiments, and FEM can
generally be adopted for calculation.

E. CALCULATION OF THE MECHANICAL LOSS

The mechanical loss mainly includes the bearing friction loss
and the ventilation loss. Among them, the friction loss of
bearings is related to the smoothness of the friction surface,
the type of lubricating oil, working temperature, etc., and
the friction coefficient is relatively difficult to determine.
Meanwhile, ventilation loss is related to motor structure, fan
type, ventilation system wind resistance, etc., and is difficult
to accurately calculate. Therefore, mechanical loss is often
obtained through motor experiments. This paper customizes
a motor with the same rotor size and structure as the tested
motor, but without magnetization, namely a fake rotor motor.
The fake rotor motor is driven by an induction motor, and
the mechanical output power of the induction motor is the
mechanical loss of the tested motor, which is determined by
(12). Tyen
~9.549
where Ty is the output torque of the induction motor and n
is the speed of the induction motor. By measuring the loss at
different speeds, the mechanical loss curve can be obtained.

Q (12)

IV. LOSS CALCULATION RESULTS OF THE PMSM SYSTEM
A PMSM with a rated power of 5.5kW is studied in this paper,
and the detailed motor parameters are shown in Table.1. The
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PMSM system is simulated by adopting the proposed co-
simulation platform, and the various losses are calculated by
using the corresponding proposed methods, respectively.

TABLE 1. The Detailed Parameters of the PMSM

Parameter (unit) Value
Rated Power (kW) 5.5
Rated Current (A) 10
Rated Frequency (rpm) 200
Rated Torque (Nm) 16
Number of Pole-pairs 4

Length of Cores (mm) 60
Outer Diameter of Stator (mm) 181
Inner Diameter of Stator (mm) 105
Number of Stator Slots 36

Core Material DW465-50

By calculating the copper losses at different speeds and
load torques, the copper loss distribution is shown in Fig.13.
The copper loss of the motor increases gradually with the
increase of torque. That is, compared to the speed, the copper
loss of the motor is more affected by torque.

Copper loss
48.00

42.03
36.05
30.08
24.10
18.13
12.15
6.175

0.2000

1000 1500 2000 2500 3000
Speed (rpm)

FIGURE 13. Copper loss under different operating conditions

The iron loss under different operating conditions is shown
in Fig.14. It reveals that the iron loss is related more to the
motor speed. As the motor speed increases, the frequency of
the magnetic field accelerates as well, amplifying hysteresis
and eddy current effects in the iron core, which, in turn,
enhances the iron loss. Besides, the iron loss of the motor does
increase slightly with the increase of torque, but this increase
is actually not significant compared to the total iron loss of the
motor. Therefore, the result in Fig.14 shows that the iron loss
does not change much with the torque.The permanent magnet
loss is shown in Fig.15. As the eddy current loss of permanent
magnets is related to magnetic field strength and alternating
frequency, the eddy current loss of permanent magnets will
also increase as the motor speed and torque increase.

By adding up the various losses of the motor under dif-
ferent operating conditions, the total loss of the motor under
different operating conditions can be obtained, as shown in

7
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FIGURE 14. Iron loss under different operating conditions

Permanent magnet loss
78.60

69.28

59.95

50.63

41.30

31.98

2265

13.33

4.000

1000 1500 2000 2500 3000
Speed (rpm)

FIGURE 15. Permanent magnet loss under different operating
conditions

Fig.16. As the motor speed and load increase, the total loss
also gradually increases.

The loss of the inverter under different operating conditions
is shown in Fig.17. As the current increases with the increase
of load torque, the loss of the inverter will also increase.

Based on the above calculations, the total loss of the
inverter-driven PMSM system can be obtained, as shown in
Fig.18. The loss value increases with the increase of speed
and torque. The determination of system loss is also of great
reference significance for the new energy vehicles.

V. EXPERIMENTAL VERIFICATIONS
In order to verify the accuracy of the method proposed in
this paper, experimental measurements are conducted on a
5.5kW PMSM. The losses generated in the PMSM mainly
include copper loss Py, iron loss Pp,, mechanical loss Pq,
and permanent magnet loss Py, as shown in Fig.19.

The total loss of the PMSM is obtained by subtracting the
output power P,, from the input power P;,. Comparing the
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FIGURE 16. Motor loss under different operating conditions
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FIGURE 17. IGBT loss under different operating conditions
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FIGURE 18. Motor system loss under different operating conditions

calculated loss with the actual loss of the PMSM, the graph
shown in Fig.20 can be obtained. The result shows that the
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FIGURE 19. Distribution diagram of motor loss

calculated loss by the proposed method matches well with the
measured loss.

Besides the PMSM loss, the iron loss in the system is also
obtained through experiments. Since the iron loss is not very
easy to measure directly, the principle of energy conservation
is introduced to calculate the actual iron loss as (13).

PFe:Pin_PCu_PQ_Pmag_Puut (13)

among which the copper loss is obtained by measuring the
motor phase resistance and phase current at different speeds.
Meanwhile, the fake rotor method is used to measure the
mechanical loss of the motor at different speeds. A motor
towing platform is constructed in the experiment as shown in
Fig.21. The left side of the platform is the PMSM to be tested,
and the right side is the dragging motor. The two motors are
connected through couplings and speed torque sensors. The
measured mechanical loss is shown in Table.2. It should be
emphasized that due to the difficulty in measuring the PM
loss, the PM loss is replaced with the data obtained from finite
element software under corresponding operating conditions.

The calculation results of the iron loss at different frequen-
cies and loads are compared with the experimental results,
as shown in Table.3. The result shows that the error between
the calculated iron loss and the experimental iron loss is

—=— Measured Loss
—e— Calculated Loss

450 -
400
350 -
300 -

250

Loss (W)

200

150

100

50 T T T T T
500 1000 1500 2000 2500 3000

Speed (rpm)

FIGURE 20. Comparison between calculated system loss and measured
system loss
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FIGURE 21. Experimental platform

TABLE 2. The measured mechanical loss at different frequencies

Frequency (Hz) Mechanical loss (W)

60 9.9
100 26.6
140 32.8
200 58.4

within a reasonable range compared with the conventional
loss separation methods.

TABLE 3. The measured and calculated iron Loss at different frequencies
and loads

Frequency  Load Measured iron Calculated

Error

(Hz) (Nm) loss (W) iron loss (W)

60 0 67.8 69.2 2.01%
60 8 68.4 65.9 -3.65%
60 16 85.3 69.6 -18.39%
100 0 113.9 127.6 12.0%
100 8 119.6 124.9 4.45%
100 16 135.6 125.4 -1.5%
140 0 211.5 198.1 6.3%
200 0 366.0 306.2 16.3%

VI. CONCLUSION

This paper proposed a loss analysis methodology of inverter-
driven PMSM systems based on a physical fact approached
co-simulation strategy. Harmonics is the principal aspect of
the research, which directly determines the applicability of
the loss calculation methodology, especially for iron loss.
By adopting the proposed strategy-circuit-field co-simulation
platform, the harmonics in the PMSM system can be pre-
sented. Therefore, different loss calculation methodologies
can be applied to the corresponding scenarios. The loss cal-
culation accuracy is verified by various experimental tests,
which shows the feasibility of the proposed method. The pro-
posed analysis method does not rely on experiments, which
gives more application opportunities. The loss distribution of
the PMSM system at concerned operating conditions can all
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be obtained. The proposed methodology can also be applied
to other harmonic-involved electric machine systems.
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