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Active Thermal Control With Optimal Phase Angle Under Stall Condition
of Machine Drive Inverter

Yuhao Qi1¥, Ke Ma

Abstract—Active thermal control (ATC) is becoming a popular
solution to improve the reliability of power semiconductor devices
in electric machine drive systems. Conventional ATCs mostly focus
on the extension of a lifetime under common mission profiles in rel-
atively long-term timescale, but the ATCs under abnormal condi-
tions, such as extreme overstress in relatively short-term timescale,
still need further investigation. This letter proposes a novel ATC
method by optimal phase angle to redistribute the electrothermal
stress under the stall condition of the machine drive inverter. Dur-
ing the normal operation, the proposed method will not disturb the
original drive control structure. During the stall condition, the max-
imum electrothermal stress in power semiconductor devices can
be relieved significantly. With no extra fluctuating electromagnetic
torque, mechanical stability can also be guaranteed. Simulations
and experimental results are provided to validate the effectiveness
of the proposed method.

Index Terms—Active thermal control (ATC), electric machine
drive, phase angle control, reliability, stall condition.

I. INTRODUCTION

OWADAYS, electric machine drive systems have been
N widely applied in various important fields, such as electric
vehicles/transportations, aerospace, and high-precision industry
procession. Compared with the electric machine which is mainly
composed of electrothermal-durable materials, power electron-
ics components in the drive system are much more fragile
when suffering from severe electrothermal stress without any
protection. As a result, enhancement for the reliability of power
electronics semiconductor devices is becoming an emerging
need [1]-[4].

In order to ease the electrothermal stress and improve the
reliability of power electronics semiconductors, various active
thermal control (ATC) are recently proposed for power electron-
ics devices and converters [S]—-[8]. For the application of electric
machine drive, the electrothermal stress of power electronics can
be classified into overstress in the short-term timescale (such as
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stall, rapid acceleration, and deceleration mission profile), and
wear-out stress in the long-term timescale (such as constant or
cycling mission profile).

According to the rain flow counting theory [9], most state-of-
art ATCs focus on relieving the wear-out stress in a relatively
long-term timescale via junction temperature limitation. How-
ever, in the application of electric machine drive systems whose
fundamental frequency ranges widely, the consequence of the
overstress in short-term timescale is of great importance. The
overstress in power semiconductor devices will commonly occur
under low-speed operation, especially the stall condition, under
which the electric machine will be switched to the operation
mode with dc load, resulting in significant rise and unbalanced
distribution of junction temperature.

Several ATCs relieve the overstress under stall condition of
electric machine are reported by manipulating the modulation
signal, switching frequency, current level, and other control
freedoms of power electronics converter. Ko et al. [10] and
Karami er al. [11] proposed zero-speed modulation methods for
power loss equalization in for two-level and three-level drive
inverters. However, the zero-speed modulation methods will
overconsume the calculation resources of controller, and the
mode switching of converter may easily induce instability issues
of the drive system. Wei et al. [115] proposed an ATC method to
reduce the PWM frequency and switching losses, which can also
be applied to the stall condition. However, the reduced switching
frequency may significantly increase the current ripple, which
in practice will induce fierce torque fluctuation and increased
noise level.

In respect to the ATC for current stress limitation, Lemmens
et al. [4] proposed an ATC to achieve redistribution between i
and i, in special field-weakening control method. However, this
method is only suitable for the specific type of inner permanent
synchronous motor. Ali et al. [13] proposed a current limiting
and loss redistribution strategy. The current amplitude is repeat-
edly limited once the measured junction temperature exceeds the
threshold. However, the immobility of the mechanical system
cannot be guaranteed because the supporting electromagnetic
torque is fluctuating, which may induce dangerous coasting of
the electric vehicles on the slope.

In this letter, the optimal current stress distribution of
power semiconductor devices under stall condition is analyzed.
By introducing additional phase control loop, a novel ATC
method with optimal phase angle (OPA) under stall condition of
the machine drive system is proposed. The proposed method can
redistribute and minimize the overall current stress in the three-
phase of electric machine system, thus the junction temperature
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as well as power losses of power semiconductor devices can
be redistributed and reduced significantly. The feasibility of the
proposed method is validated by simulations and experiments.

Compared with the existing methods, superiorities of the

proposed OPA control can be summarized as follows:

1) Through additional rotor position control, the maximum
current stress can be limited to optimal, thereby indirectly
realizing single-phase current zero. Compared with the
method simply controlling single-phase current zero, the
proposed OPA control method reserves the control behav-
ior of the original current control loop, aiming at the rotor
position, which is the top-level control freedom.

2) Considering asymmetry factors, such as thermal coupling
effect, the maximum thermal stress can be flexibly ad-
justed through setting specific stall sector detection and
rotor position reference. Correspondingly, current stress
in specific phase can be controlled to zero flexibly, while
the exiting ATC for current stress limitation can hardly
realize.

II. PROPOSED OPTIMIZED PHASE ANGLE CONTROL UNDER
STALL CONDITION

A. Analysis of Optimal Current Distribution

As key control freedom in ATC for electrothermal stress
relief (such as modulation signal and switching frequency), the
current level is focused in this letter. In order to relieve the
current stress on the power semiconductor devices of the electric
machine drive inverter under the stall condition, a reasonable
stall electrical phase angle should also be designed, instead of
controlling the current amplitude in the price of the stability of
the mechanical system.

Instant maximum current stress on the power semiconductor
devices of the drive inverter can significantly decide on the
reliability of the target drive module in short-term timescale.
Thus, the maximum current stress should be first limited. The
maximum current stress is shown in Fig. 1(a), while the cor-
responding phase angles of stator current and rotor position
are shown in Fig. 1(c). Within one fundamental cycle of the
current, it can be found that the maximum current stress of power
semiconductor devices reaches minimum at specific electrical
phase angle PA,,);,, which can be expressed as

PAmin =k X % + eidq . (1)
wherek =0,1,2,3,4,5,6 0,4, = arctan :—Z

where ig and i, are the stator current in dq axis, and 0,4, is the
phase angle offset caused by stator current in d axis.

Second, in order to realize the optimal distribution, current
stress should be redistributed among three phases according
to the thermal characteristics of the drive converter. Minimum
current stress should be distributed to the specific phase suffering
the severest thermal coupling effect [14]. Fig. 1(b) shows the
individual current stress on each phase, while Fig. 1(c) shows the
corresponding electrical phase angle. Considering the minimum
current stress on specific phases, PA,i, in (1) can be classified
according to selected phase k, which can be expressed as

PApink = 0r + eidq or 0, + gidq +m ‘ 2
where0,—4.B.c =0, %’T, f%”; 0iaq = arctan @)

q
where 6 represents the variable phase angle const for the

selected phase k.
InFig. 1, kis selected as B phase because phase B is commonly
connected to the middle position of the power semiconductor
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Fig.1. Maximum and individual current stress with corresponding phase angle

(dotted line: stall condition detection boundary, star point: optimal stall oper-
ation condition in case of phase B optimization). (a) Maximum current stress.
(b) Individual current stress. (c) Electrical and mechanical phase angle.

module, which always suffers the strongest thermal coupling
effect. However, in other cases (modified power semiconduc-
tor devices electrical/physical arrangement), 6 can be flexibly
adapted for different conditions.

Based on the limitation of stator maximum current stress and
stator current redistribution, the reduction in power losses under
the stall condition can be estimated according to the power losses
model. For different types of power semiconductor devices,
the ratio of reduction in power losses can varies from 13.4%

a1- @) to 25% (1 — (@)2), compared with the worst situa-
tion. In other words, under the premise that the thermal paths of
the system do not change, the ratio of the maximum temperature
rise can vary from 13.4% to 25%.

B. Realization of Proposed OPA Control for Optimal Current
Stress Distribution

According to the analysis above, the optimal current distri-
bution can be realized by controlling specific electrical phase
angles. Unfortunately, it is difficult to directly design a control
system for electrical (current) phase angle based on the drive
system (mechanical-control-based system). However, according
to the model of electric machine [14], the electrical phase angle
(current phase angle), and mechanical phase angle (rotor posi-
tion phase angle) are linearly dependent under stall condition
(we = 0), so that the control target can be simplified to the
mechanical phase angle.

Fig. 2 shows the block diagram of the proposed mechanical
OPA control system, based on the original drive control system,
which is designed as follows:

First, the OPA reference of rotor position should be gener-
ated. To guarantee an acceptable mechanical/electrical phase
angle shift, the OPA of stator current is separated into different
stall zone sectors k; (dotted line boundary). In each stall zone,
there exists only one OPA 6 (star point position), as shown in
Fig. 1(c). The stall zone and OPA can be calculated by (3). The
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Fig. 2.

rotor position can be measured by highly precise encoder with
current PLL assistant. Applying the stall sector zone separation,
the maximum electrical phase angle shift can be limited to 7/2

ks = rounddown

s

O Np—01,—0ia4 +7T/2 )

3

0. — ks 40k +0iaq
s N,

where 0,4 p.c =0 2m

3 f%’r, 0iqq = arctan 2—‘:

Second, the speed reference under the stall condition should
be regenerated. The difference between the current mechanical
phase angle and the generated optimal mechanical phase angle
is calculated. Instead of the original speed reference, the speed
reference under the stall condition will be generated through a
proportional controller. When the OPA control system operates
in a steady state, the maximum current stress is redistributed in
the OPA.

Finally, the speed reference mode should be switched from
the original signal to the generated one. In order to preswitch the
control mode of the drive system, the coming stall condition must
be predicted. The prediction can be realized through speed and
electromagnetic torque detection (calculated by stator current),
whose threshold should be designed according to the detailed
operation capacity and device selection. What is more, the OPA
control system is not applicable under certain specific situations,
where the electric machine rotor is completely stuck by violent
destruction instantaneously.

III. SIMULATION AND EXPERIMENTAL VALIDATIONS

To verify the feasibility of the proposed OPA control method
and make a comparison with the original drive control system
without OPA control, the simulations are carried out based on
PLECS. The electric machine is controlled in field-oriented-
control (FOC) mode. The power electronics module under test
is chosen as STARPOWER GDS50FFX65C5S. The parameters
of the target PMSM are listed in Table II [116].

In the simulation, a mission profile is constructed, consisting
of acceleration, deceleration, and stall condition, which is given
as follows:

The rotational speed is set as 60 rpm at first in order to
simulate the soft start of the target electric machine. At 2 s,
the electric machine is accelerated to 1200 rpm within 3 s where
the fundamental electrical frequency is 80 Hz. At 5 s, the rotor
speed is decelerated to O rpm (stall condition) within 5 s. The load
torque is set 2 N-m and steps to 3.5 N-m at 10 s. The comparison

Control diagram of the proposed OPA control and the original drive control system (FOC).
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Fig.3. Current stress with original control (without OPA control) and current
stress with OPA control in simulation validation. (a) Current stress contribution
in electric system without OPA. (b) Current stress contribution in electric system
with OPA control.

will be focused on the stall condition and the transition from the
deceleration to the stall condition.

The current stress on the power semiconductor devices is com-
pared in Fig. 3. With OPA control, the maximum current stress is
reduced from 26.5 to 23 A, within less than 4 s adjustment. In the
simulation, as the thermal coupling effect of Phase B is designed
the strongest, the current stress of Phase B is redistributed to
the minimum. Correspondingly, the thermal stress on the power
semiconductor devices is also compared in Fig. 4. The highest
junction node temperature (upper IGBT chip in the electrical B
phase and upper IGBT in the electrical A phase) is reduced from
77°Cto 68 °C (15%), witha 5.6 W power losses reduction. What
is more, the performance of reduction is significantly influenced
by the detailed operation capacity and device selection, which
is not concerned in this letter.

The mechanical response of the drive system is compared
in Fig. 5. During the transition from deceleration to the stall
condition, the stall condition is predicted and the speed reference
is preswitched by applying OPA control. The rotor keeps rotating
at a rather slow speed (less than 0.5 rad/s) until it reaches the
OPA. What is more, the electromagnetic torque response can
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Fig. 6. Experiment setup.

still keep stable without any fluctuation. Compared with the one
with original control, there is also a satisfying restoration of the
dynamic performance.

The experimental setup is shown in Fig. 6. Instead of the elec-
tric machine drive system with actual PMSM, a full-bandwidth
mission profile emulation of the electric machine system is
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Fig. 9. Junction temperature response with original control and with OPA
control in experiment validation (experimental measurement by fiber sensors).

adopted in this letter [13]. The drive controller and emulat-
ing controller are implemented on individual TMS320F28335
DSPs. The junction temperatures are measured directly by op-
tical fiber temperature sensors. The parameters of the target
emulating electric machine are listed in Table II [13], and the
mission profile is set the same as the one in simulations.

To verify the robustness of the proposed OPA control method
under specialized electrical and physical connection, the elec-
trical connection mode of phase B and phase C is exchanged.
Correspondingly, the 6 should be set to phase C in (3),
which suffers the strongest thermal coupling effect in the
experiment.

The current stress is compared according to Figs. 7 and 8. By
applying OPA control, the current stress behaviors during the
common operation are not distorted, such as acceleration and
deceleration. Moreover, the concentrated current stress on Phase
C in the stall condition is well-redistributed to other phases, and
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the maximum current stress of the whole drive inverter module
is reduced from 25.5 to 23 A.

The junction temperatures response of the power semicon-
ductor devices of the drive inverter is compared in Fig. 9,
which suffers the maximum current stress (upper IGBT chip
in the electrical C phase and upper IGBT in the electrical A
phase). By applying OPA control, the thermal behavior is also
not distorted during the common mission profile. Moreover, the
highest junction temperature during the stall condition is also
reduced from 59.20 °C to 54.08 °C (14.5%), which coincides
with the result in the simulation well.

IV. CONCLUSION

An ATC method with OPA under stall condition of electric
machine system is proposed in this letter. By applying an ad-
ditional mechanical phase angle control loop, the electrical and
mechanical phase angle is controlled during the stall condition
for the best electrothermal stress distribution. During the normal
operation, the proposed method will not distort the behaviors
of the original drive control system. During the stall condi-
tion, mechanical stability can be guaranteed and the maximum
electrothermal stress can also be reduced by around 15%. Sim-
ulations and experimental results are provided to validate the
effectiveness of the proposed method.
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