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Abstract—To increase the reliability and reduce the torque
ripple, modular winding structure has been employed in the
Permanent Magnet Synchronous Motors (PMSMs). However, the
reliability of the motor system depends on the lifetime of the
power semiconductor devices. In this paper, an Active Thermal
Control (ATC) for modular power converters in PMSM drive is
proposed. The power routing method is employed to balance the
power in a triple modular winding PMSM system. The Rainflow
Counting Algorithm is used to calculate the lifetime of the power
converters. To verify the proposed method, a simulation model
is established and the simulation results are presented.

Index Terms—Active thermal control, multi-phase motor, per-
manent magnet synchronous motor, modular inverter, motor
control.

I. INTRODUCTION

In recent years, multi-phase Permanent Magnet Syn-
chronous Motors (PMSMs) have played an important role
in the highly reliable servo applications such as aerospace,
electric vehicles and underwater equipments [1-3]. Among the
multi-phase PMSMs, modular winding and multi-redundancy
structure are significant techniques to increase the motor
system reliability [4]. Meanwhile, with the development of
power electronics, multi-level and multi-phase converters have
been used in multi-phase PMSM drive system, which can
improve the control performance and enhance the reliability
[5].

In [6], a five-phase inverter is used to drive an induction
motor. The performance of the five-phase modular winding
motor is analyzed and this prototype can reduce the effect
of space harmonics. More, to increase the capacity of the
three-phase motor drive system, the three-level and five-level
converter are researched [7]. The five-level inverter can help
realizing the high voltage drive and reduce the output voltage
THD. In [8], the multi-level converter can control a three-phase
motor in a sensorless way. To reduce the torque ripple and
increase the reliability, a dual three-level inverter topology is
employed to drive an open-winding six-phase induction motor
[9]. Besides, the model predictive direct flux vector control is
used to control a multi-modular-winding induction motor [10].

In power converters, the reliability of power switches is
the key factor that can determine the lifetime of motor

drive system. Thus, it is of vital significance to improve
the reliability of power switches. One major cause of failure
in power devices and capacitors is caused by the thermo-
mechanical fatigue in the connection point between different
materials [11]. Fig. 1 shows the basic structure of a power
device with different materials stacked on a direct-band-copper
(DBC) substrate. Since the thermal expansion coefficients
(CTE) of copper and ceramic of the substrate are different, the
temperature variations, also called thermal cycles, can generate
the mechanical stress between the material layers [12]. Then,
the thermal cycles can lead to expansions and contractions of
the materials, which causes aging. It is well known that the
thermal cycle magnitude is a key parameter for the liftime of
power semiconductor devices [13].
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Fig. 1. Basic structure of a power semiconductor device [12].

Recently, Active Thermal Control (ATC) in power elec-
tronics has become an effective way to reduce the thermal
cycling of power switches [14]. ATC is usually realized either
by reducing the fluctuation amplitude or by reducing the mean
level of the temperature, without modifications in the design of
power converters [15—17]. Various ATC algorithms had been
proposed in [18, 19] with the aim of reducing thermal stress
in power modules.

Nevertheless, most of the ATC algorithms are focused on
reducing the thermal cycling of one power converter or even
one power device. Power routing is a technique that shifts the
power between the cells of modular power converter to reduce
the thermal stress of those cells, which exhibit a reduced
residual lifetime [20]. Its application to modular drives with
multiphase motors has not been reported in literature. Given
the high reliability demand of the applications where modular



winding PMSMs are used, increasing the reliability of power
converters and extending their lifetime can further improve the
motor system performance. For example, the power converters
have different lifetime because the motor drive system is
constantly repaired, then the lifetime of the whole motor
system is determined by the lifetime of the weaker modular
converter. However, with active thermal control based on
power routing, the lifetime of different power converters can
be equalized, which can further improve the system reliability.

To deal with the above problems, this paper proposes
an ATC approach for power converters in modular winding
PMSM drive. The Rainflow Couting Algorithm is used to
estimate the accumulated damage of the power converters
based on the measured temperature. Then the power routing
method can control the lifetime of the system and reduce the
power with high accumulated damage. The goal of the ATC
is to extend the lifetime of the weaker power converter, and
the total power is routed depending on the estimated lifetime.

The paper is organized as follows. Section II describes the
lifetime estimation method of power converters. In Section III,
the system and the proposed ATC method for modular power
converters are introduced. A simulation validation is made in
Section IV before the conclusions are presented in Section V.

II. LIFETIME ESTIMATION OF POWER CONVERTERS
A. Basic Principles of Lifetime Estimation

In the power converters, the failures of some components
such as capacitors and power semiconductors can influence
the lifetime. In this paper, only the failures in power semi-
conductors are taken into consideration. In actual situation,
the power semiconductor manufacturers usually provide the
time to failure by the number of thermal cycles to failure
Ny. According to this, a well-known method, called Coffin-
Manson-Arrhenius model [21], to estimate the lifetime of
power semiconductors is expressed as following equation.

k3

Np=Fky - AT %2 . ¢F5Tja (1)

where AT is the magnitude of the thermal cycles, T} 4, is the
average junction temperature during the thermal cycle. k1, ko,
ks are the fitting parameters extracted from multiple reliability
experiments. kp is the Boltzmann constant.

In actual situation, the mission profile of an power converter
is not deterministic, so a direct derivation of the accumulated
damage with (1) is not suitable for estimate the lifetime.
Therefore, a cycle counting method is required to decompose
the temperature profile. In this case, the Rainflow Counting
Algorithm is widely used cycle for fatigue analysis [22]. Then,
the Miner’s rule, expressed as (2), can be adopted to obtain
the accumulated damage [23].

4

D, =
N;

(2)

Here, D, is the accumulated damage, n; the number of
cycles in the stress range ¢, and N; the number of cycles to
failure in the 4, stress range. Therefore, with the increase

of the thermal cycles in the mission profile, the accumulated
damage of power devices will rise. Once the value of D,
reaches 1, the power device will be in failure [11].

B. Rainflow Counting Algorithm

The lifetime of a power semiconductor device is depended
on a variable mission profile, Rainflow Counting Algorithm is
an effective approach to reduce the complex mission profile
into some key events that can be used to estimate the life-
time. Fig. 2 illustrates the principles of Rainflow Counting
Algorithm. To apply this method to power converters, the
thermal expansion, stress and strain should be involved. In
this application, the strain is the ratio of change in length of a
material to its actual length based on the temperature change
[24].
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Fig. 2. Load sequence and stress-strain cycles in Rainflow Counting Algo-
rithm.

Typically, the Rainflow Counting Algorithm is used to
extract cycles from a load history, which can be obtained
from temperature measurement. Based on the temperature-
time curve, the extrema and minima values are obtained, then
the full, and half cycles are defined accordingly. Finally, the
lifetime is estimated by using these cycles.

III. PROPOSED ACTIVE THERMAL CONTROL FOR
MODULAR POWER CONVERTERS

In this section, the proposed ATC method based on power
routing in modular power converters is presented, and the
implementation of the algorithm is explained.

A. System Description of Modular Power Converters

A triple modular PMSM drive system with three power
converters is is chosen as an example to introduce the proposed
ATC method. The motor drive system is shown in Fig. 3.

Each power converter is a two-level pulse width modulation
voltage source inverter (PWM-VSI), and the three power
converters share the same dc-link voltage vg.. Given this
parallel structure, the power of each converter can be expressed
as (3). Here, pconis Peon2 and peons are the power of each
inverter, and %401, %4c2 and i4.3 the dc-link current of each
inverter.

Pcon1l = VUdc * Idcl
Pcon2 = VUdc * Tde2 (3)
Pcon3 = Udc * de3
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Fig. 3. Triple modular winding PMSM drive system.
More, the total power pg. equals to
Pde = Pconl + Pcon2 + Pcon3 (4)

Fig. 4 demonstrates the equivalent circuit of one PWM-VSIL.
In this figure, d, ~ d., d,' ~ d.’ are the duty cycles of the
corresponding power switch, v,, vp and v, are the three-phase
terminal voltage.
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Fig. 4. Equivalent circuit of PWM-VSL

The dc-link current can be calculated as
Tde = tqdq + tpdp + 1od, 5

Assuming that the power converter losses are omitted, let
Pde = Pac- By using the PARK coordinate transformation, the
power of one PWM-VSI can be expressed as

. 3, . )
Pde = Ude * tde = 5 (UdZd + quq) = Pac (6)

Here, vg, vq, iq and %, are the voltage and current components
under d — g rotary coordinate system.

Combining (3), the power of the three power converters can
be calculated as

Pcon1 = Vdc * Idel = (Udlidl + Uqliql)

3
3
Peon2 = Vde " tacz = 5 (Vaziaz + Vg2iq2) @)
3
2

Pcon3 = Vde * idc3 = ('Ud3id3 + 'Uq3iq3)

In this paper, the tested motor is a surface-mounted PMSM,
so it should be controlled by the 7q = 0 method to achieve the
maximum torque. Therefore, (7) can be simplified as (8). It
can be seen that the values of g-axis current in each winding
will influence the power in each converter.

_ : _ 3 :
Pconl = Vdc * tdcl = §’Uq17/q1

. 3 B
Pcon2 = Udc * tde2 = 5Uq2%q2 )

_ - .
Pcon3 = Vdc * tde3 = 5Vq3%¢3

Normally, the motor operates in a random load condition,
then the power of the power converters changes with time.
Taking Fig. 5 as example, the red curve is the load mission
profile of a motor. When the total power reaches 100%, it
means that all the three power converters are at full load,
otherwise, some of the power converters are not at the rated
load. The load mission profile determines the temperature as
well as the lifetime of each converters, which can be used to
verify the thermal control algorithms.
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Fig. 5. Load mission profile.

B. Thermal-based Power Routing Algorithm

If the temperature of one certain converter is too high
and the thermal cycles are increasing, the lifetime of the
whole drive system will depend on the lifetime of the weakest
converter. Then, too reduce the thermal stress of the weakest
converter, the power in this converter need to be reduced and
the power differences need to be distributed to the other two
converters. By this way, the lifetime of motor drive system
can be extended and the reliability increased [25].

Define mg1, mge2 and mgs are the power distribution
coefficients of the three converters, and calculated as

myy = Dcon1

Pde
— Pcon2 9
Mdz2 = Pde ( )
— DPcons
mas = B

More, in (9), mq1 + ma2 + mg3 = 1. In a normal operation,
the power distribution coefficients are equally distributed as

1
md1 = Mgqz = Mqg3 = §

However, in ATC operation, the power distribution coeffi-
cients are distributed by the converter temperature. In Fig. 6,
the block diagram of the proposed ATC method is illustrated.

According to (8), the power in each converter can be
routed with the control of g-axis current loop. The total power
reference pj;, is determined by the load mission profile, ranged
from O to 1. Temperature sensors are placed on each power
converter and sample the device junction temperature. The
temperature references are given by software and compared

(10)
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Fig. 6. Block diagram of the proposed ATC.

with the measured temperature, then the thermal controller
calculates three power distribution coefficients m};, m}, and
m}4, which are used to obtain the power references of the
three converters pl, .1, Diona and pl,.s. Based on the Field
Oriented Control (FOC) for PMSM, the d-axis and g-axis
current references of three current loops are obtained and
then the Space Vector PWM signals are generated to drive
the motor.

Fig. 6 mainly explains the principles of ATC. To clearly
illustrate the implementation of the triple modular winding
PMSM control algorithm, the block diagram of the speed and
current double-close-loop motor control algorithm is presented
in Fig. 7. In the speed controller, the motor speed reference
and measured motor speed are compared and calculated with
a Proportional-Integral (PI) controller. The d-axis and g-axis
current references are calculated with ATC algorithm. Since
the motor is a surface-mounted PMSM, the three d-axis
current references 43, iy, and ), should be set as zero.
Six PI controllers are used to control the current loop and
three reference voltage vectors are generated after the current
loop. Then, with Space Vector PWM (SVPWM), the PWM
signals to drive the inverters are obtained. Finally, the modular
winding PMSM is driven by the three PWM-VSIs.
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Fig. 7. Block diagram of the speed and current double-close-loop control for
the triple modular winding PMSM.

IV. SIMULATION VERIFICATION
A. Simulation Model Setup

To verify the proposed ATC method, the PLECS simulation
model is established and simulated. The modular winding
PMSM with a 36-slot-42-pole structure, and the control pa-
rameters are reported in Table 1.

TABLE I
SIMULATION MODEL PARAMETERS

Parameters Quantity
Winding resistance (Rg) 2.875 Q
Winding inductance (L) 8.5 mH

Flux linkage (¢m) 0.175 Vs

Moment of inertia (.J) 0.00082 N-ms?
Number of pole pairs (p) 4

DC-link voltage (Vg.) 300 V
Rated torque (1) 50 N-m
Rated speed (n ) 1500 r/min

PWM frequency (fpwm) 20 kHz

In the simulation, the thermal circuit model is used to
calculate the temperature of each power converter. Fig. 8
shows the thermal model of the power converter. The power
losses are calculated with the conduction and switching losses
of the power switches. T, is the ambient temperature which
is set as 50°C. The thermal chain contains two thermal
capacitors and two thermal resistors, whose values are set as
follows: Ryp1 = 0.018 K/IW, Ry = 0.172 K/IW, Cyp1 = 0.95
J/K, Cipe = 0.24 J/K. To verify the proposed ATC, the
thermal chain in PWM-VSI#3 is increased, which can cause
the temperature differences between different converters. In
the actual operating situation, the temperature between the
power converters is not uniform because of the different heat
dissipation conditions.

B. Simulation Results

Fig. 9 shows the junction temperature of the power switches
of the three power converters before and after the proposed
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Fig. 8. Thermal model of the power converter.

ATC. In the simulation, the load mission profile changes every
two seconds, which cause the temperature fluctuations in the
two figures. It is obvious that the junction temperature T
in the PWM-VSI#3 is reduced with ATC. For example, at
the instant ¢ = 14 s, T} in the PWM-VSI#3 reduces from
70.93°C to 69.19°C with ATC.
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Fig. 9. Simulation results of IGBT junction temperature in each power
converter. (a) Without ATC. (b) With ATC.

Fig. 10 shows the power distribution coefficients of the
three converters with ATC. It can be seen that the power
distribution coefficient mg3 decreases because of the high

junction temperature in PWM-VSI#3.
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Fig. 10. Power distribution coefficients of each converter under ATC.

To calculate the lifetime, Rainflow Counting Algorithm is
employed. Fig. 11 shows the calculated thermal cycles with
Rainflow Counting Algorithm. In the simulation, the lifetime
of the power switch increases 10.44% with the proposed ATC,
which validates the effectiveness of the proposed method.
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Fig. 11. Temperature cycle measurement with Rainflow Counting Algorithm
and the proposed ATC.

V. CONCLUSIONS

To increase the reliability in the modular winding PMSM
drive system, an ATC method based on power routing is pro-
posed. From the simulation results, the junction temperature
of the power switches reduces with ATC. More, the power
distribution coefficient of the weaker converter is decreased,
which can reduce the thermal cycles. Besides, to calculate the
lifetime, the Rainflow Counting Algorithm is employed. The
lifetime of the weaker power converter is increased 10.44%
with the porposed ATC. The proposed method is an effective
approach to increase the lifetime and reliability of the power
converters in the modular winding PMSM drive system.
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