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Torque Ripple Reduction Method With Enhanced Efficiency of Multi—-phase
BLDC Motor Drive Systems Under Open Fault Conditions

Tae-Yun Kim!, Yong-Sug SuhT, and Hyeon-Cheol Park’

Abstract

A multi-phase brushless direct current (BLDC) motor is widely used in large—capacity electric propulsion
systems such as submarines and electric ships. In particular, in the field of military submarines, the polyphaser
motor must suppress torque ripple in various failure situations to reduce noise and ensure stable operation for a
long time. In this paper, we propose a polyphaser current control method that can improve efficiency and
reduce torque ripple by minimizing the increase in stator winding loss at maximum output torque by controlling
the phase angle and amplitude of the steady-state current during open circuit failure of the stator winding. The
proposed control method controls the magnitude and phase angle of the healthy phase current, excluding the
faulty phase, to compensate for the torque ripple that occurs in the case of a phase open failure of the motor.
The magnitude and phase angle of the controlled steady-state current are calculated for each phase so that
copper loss increase is minimized. The proposed control method was verified using hardware-in—the-loop
simulation (HILS) of a 12-phase BLDC motor. HILS verification confirmed that the increase in the loss of the
stator winding and the magnitude of the torque ripple decreased compared with the open phase fault of the
motor.

Key words: BLDC (BrushLess Direct Current) motor, FTC (Fault Tolerant Control), Efficiency, Multi-phase
current control
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Fig. 1. Overall circuit diagram of 12-phase BLDC motor
drive system.

Fig. 2. Current vector diagram of 12-phase BLDC motor.
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Fig. 3. a—phase voltage and current in steady state of
BLDC motor.
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Fig. 4. Vector diagram of 2™ order harmonic torque in
12-phase motor.
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TABLE I
CALCULATION RESULT VALUE OF 6, , AND K,

FOR EACH PHASE

Phase | 0,-+ | K,—7 |Phase | 0,1 | K,_ 1
b +1.15° 1.04 h -1.25° 0.96
c +3.29° 1.04 i -3.96° 0.96
d +1517° 1.04 j -1517° 1.04
e +3.96 ° 0.96 k -3.29° 1.04
f +1.25° 0.96 1 -115° 1.04
a-phase

fault

L=

Fig. 6. 12-phase motor torque second harmonic component
vector diagram with control strategy applied.

TABLE II
CALCULATION RESULT VALUE OF 6, , AND K, ,

FOR EACH PHASE

Phase | 0,_; K, ; | Phase | 0,_; K,_;
b +0.77° 1.4 h -084° 0.96
c +2.23° 1.03 i -267° 0.96
d +10.61 ° 0.99 j -1061° 0.99
e +2.67° 0.96 k -2.23° 1.03
f +0.84° 0.96 1 -0.77° 1.04

Fig. 7. Torque 2™ harmonic component vector diagram of
12-phase motor that has been controlled.
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TABLE I
OPERATION CONDITION OF BLDC MOTOR
Phase Number 12 Rated Voltage | 790 Vdc
Rated Torque | 34 kNm |Stator Resistance| 86 mQ
Rated Speed 45 rpm |Stator Inductance| 1 mH
J Motor 10300 kg*m?2
15 % 1e4 Total torque [S0KN,m/div]
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(b) Current measurement waveform

Fig. 8 Torque and Current measurement waveform using 1
KHz filter.
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Fig. 9. Frequency spectrum of output torque.
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Fig. 10. Torque graph using 1 KHz filter in the HILS
according to proposed method.
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TABLE IV
COMPARISON OF RMS CURRENT AND COPPER LOSS
IN EACH CASE

Average Average
Average Torque RVS G wlc Loss (%)

Normal T (34kN.m) 76.51 100
Fault T (unbalance) 81.76 114
DPC-FTC* T 82.86 117

Proposed
method T 82.04 115

State

TABLE V
COMPARISON OF TORQUE RIPPLE FACTOR AND X2
IN EACH CASE

Normal | Fault
Condition | Condition
Output torque [kN] A
Ripple factor (RF) [%]| 08 75 32 42
Y. 22, [pul 1 114 117 | 115
T/A,, 4417 417 4107 | 4155
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