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Loss Investigation of Hybrid Six-step Operation for Matrix Converter in Flywheel Energy Storage System
Takumi Masuda™, Jun-ichi Itoh (Nagaoka University of Technology)

Abstract

This paper investigates a loss characteristic of a hybrid six-step operation which utilizes both a pulse width modulation
operation (PWM) and a six-step operation for a matrix converter in a flywheel energy storage system (FESS). The voltage-
current characteristics is clarified by the L-type equivalent circuit of the induction machine in the field-weakening control
region. The current minimization control using the hybrid six-step operation is proposed. In the proposed method, the hybrid
six-step operation is applied the charge and discharge operation at the heavy load. The output current is reduced compared
with the conventional PWM operation. On the other hand, the current minimization control is applied the standby operation
at light load. From experimental results, the converter loss with the proposed method is reduced by 30.2% compared with
the conventional method. Moreover, the standby loss with the proposed method is reduced by 28.0% compared with the
conventional method. In addition, the maximum error of current minimization control is verified by less than 11.8%.
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Fig. 1. FESS with matrix converter as power converter. The
FESS consists of the input filter, the matrix converter and the
flywheel.
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Fig. 2. Circuit diagram of indirect matrix converter. The matrix
converter separates the CSR and the VSI by the virtual AC-DC-
AC conversion strategy.

Table 1. Characteristic matrix converter control

strategies.
PWM operation Six-st_ep Hybrid si?<-step
operation operation
Input current N\ .'hl.-l f-’.“ - \
CSR PWM 120 deg. PWM
conduction conduction conduction
voltage
Vsl PWM 180 deg. 180 deg.
conduction conduction conduction
Output voltage 11 N
Switching loss Large Small Nearly small
Input filter loss Small Large Nearly small
200 L Field-weakening region
/ST T T T T T T
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Fig. 3. V/fcontrol of voltage and flywheel rotational speed. The
V / f control includes the field-weakening control region.
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r1: Primary resistance, x1: Primary leakage reactance,
r2": Primary converted secondary resistance,
x2": Primary converted secondary leakage reactance,
I1: Primary current, 11 Primary converted secondary current,
V1: Primary voltage, s: Slip

Fig. 4. L-type equivalent circuit of induction motor.
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Fig. 5. \oltage-slip characteristic of induction motor. The
characteristic shows the slip of the induction motor by the output
voltage. The theoretical volue is applied to the voltage-current
characteristic of the induction motor.
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Fig. 6. \oltage-current characteristic of induction motor. The
characteristic shows the output current of the induction motor by
the output voltage in the field-weakening control region. The
output current of the induction motor is reduced on the theoretical
volue. The theoretical volue is applied to the current minimization
control. The maximum error of the current minimization control is
11.8% compared with the experimental results.

R E D, —F, FHEL e & OBAM TIE, B
Ll 2 F O TR R AR ORI Z X 5, X 6 & v &tk
EFEDTEZE 11.8% W RWTEEFRETH D Z & 2R L
7

5. RERER

(5-1) FEMERER

2 |2 FESS O F i Bk CHW = R &2 R, R
VAT AT, SMIOTTAKRA—NEI0KW D~ Y v
A AU N—=Z BB EDETMRE > TWD, R AT
LTIX, 7T A FA —/L% 4000r/min~5000 r/ min D&k T
INBOEIEER 21T 5, FESS 1%, SZIEA S 5 sid il
BT B @R FTHCEER &, FERRORERIC T
LI R FHEER A LT L STV 5, 6 TR/ Ei
S/ MEBIEOBFRIE & EREOREZ =T, R AT AL,
BRA MR CENER/IMEF#EZEH L TW5, K12 0328k
FER LY, B IMESIE A5 A U7 AR iEkic <, BEe

4.6



Table 2. Experimental conditions.

Switching device SiC-MOSFET
Rated power 10 kw
Main circuit Grid line voltage 200V
parameter Input filter L 2.2mH
Input filter C 6.6 uF
Carrier frequency 25 kHz
Rated votage 200V
Rated current 44 Arms
Flywheel Rated power 11 kW
parameter Rated speed 5500 rpm
Rated enegry 3MJ
Vacuum 10,000 Pa
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Fig. 7. Operation waveforms of charge mode with PWM
operation. The output power is 8.15 kW. The flywheel rotational
speed is 4500 r / min.
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Fig. 8. Operation waveforms of charge mode with hybrid six-
step operation. The output power is 8.09 kW. The flywheel
rotational speed is 4500 r / min.
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Fig. 9. Converter loss characteristic of PWM operation (PWM),
hybrid six-step operation (HYB). The converter loss of the current
minimization control and the hybrid six-step operation with the
current minimization control are reduced by maximum 30.2%
compared with the PWM operation at 9.00 kW.
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Fig. 11. Standby loss characteristic of PWM operation (PWM),
hybrid six-step operation (HYB) and current minimization control
(MIN). The standby loss of the current minimization control is
reduced by maximum 28.0% compared with the hybrid six-step
operation at 4000 r / min.
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