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ABSTRACT

This paper proposes a fault-tolerant control scheme for a modular multilevel converter
(MMC) in medium-voltage motor drives. The redundant submodules (SMs) are implemented
in each converter arm to bring advantages during healthy and fault-tolerant operations. During
the healthy operation, redundant SMs are controlled to function as a normal half-bridge SM,
which helps reduce the SM capacitor voltages, improving the system's reliability and loss
reduction. During the fault-tolerant operation, the failure SMs are only bypassed in one
converter arm, and the other arm’s SMs keep functioning; thus, it utilizes redundant SMs for
future failure SMs. The injected scheme is also performed to ensure low voltage ripples on the
SM capacitors during the low-speed operation. The feasibility of the proposed control scheme
has been verified by simulation results for the 4160-V/1-MW MMC-fed induction motor drive
system.

Keywords: Fault-tolerant control, medium-voltage motor drive, modular multilevel converter,
submodule capacitor voltage ripple.

1. INTRODUCTION

Modular multilevel converters (MMCs) have become a breakthrough topology for
medium to high-voltage applications owing to their advantages such as low harmonic voltage,
modularity, and scalability [1]. Therefore, MMCs have been developed in high-voltage direct
current (HVDC) transmission systems [2], static synchronous compensators (STATCOMsS)
[3], and motor drives [4-9]. However, one of the main challenges of MMC is a large voltage
ripple on the SM capacitor at a low fundamental frequency. It is derived that the SM capacitor
voltage ripple is proportional to the output current level and inversely proportional to the
fundamental frequency [4-6]. Therefore, it is challenging to maintain the SM capacitor voltage
ripple within the allowable range for MMC in medium-voltage motor drive applications at
low-speed operation.

Several studies have been presented to reduce the SM capacitor voltage ripple at low-
speed operation [4-6]. One of the popular control methods is a sinusoidal-wave method, where
the high-frequency common-mode voltage (CMV) and circulating current are injected into the
converter in the low-speed range [4-7]. Studies on advanced control methods to reduce the
circulating current and improve the converter efficiency also have been suggested [7-9]. They
help to decrease the amplitude of the injected circulating current without affecting the output
qualities.
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The MMC with half-bridge SM, including two semiconductor switches and one
capacitor, is widely used owing to its simple construction and easy control. Therefore, the
MMC converter consists of numerous switching devices and one of them might become a
potential failure point. Therefore, it is important to implement fault-tolerant strategies to avoid
harmful accidents and to continuously operate the system without unplanned shutdown [10].
In literature review, there are two types of switch faults: short-circuit and open-circuit faults.
Most of the industrial gate drivers can protect the IGBTs against short-circuit faults [11].
However, the open-circuit fault, which is caused by a failure in the gate-driver circuitry cannot
be detected by the gate driver. It probably damages devices and deteriorates system
performance.

Until now, a solution for riding through the open-circuit fault of switches in MMC-based
motor drive applications has not been presented. In MMC-based HVDC applications, several
fault-tolerant control methods have been suggested [12-14], which are classified into the cold
reserve mode and hot reserve mode [12]. The difference between the two modes is the behavior
of redundant SMs. In the cold reserve mode, the redundant SMs are normally bypassed and
only activated once the fault occurs. Hence, this mode is suitable for HVDC applications,
where numerous SMs have been employed [13]. On the other hand, in the hot reserve mode,
the redundant SMs are controlled to operate as normal ones, which enhances the output voltage
quality. Thus, this mode is preferable for medium-voltage applications due to the limited
number of SMs per arm. In [12], the fault-tolerant control for MMC in medium-voltage
applications is suggested, but SM capacitor voltage balancing should be taken into
consideration to implement it in motor drive applications.

This paper proposes a fault-tolerant control scheme fora MMC in medium-voltage motor
drives. During the healthy operation, the redundant SMs are controlled to function together
with normal half-bridge SMs in each arm, which helps to reduce the SM capacitor voltages in
the system. During the fault-tolerant operation, the failure SMs are only bypassed in one
converter arm, and other arm’s SMs keep running without any interruption. Therefore, the
system performance is not deteriorated, and the reliability is improved.

2. MODULAR MULTILEVEL CONVERTER AND ITS OPERATING PRINCIPLE
2.1. Circuit structure

The circuit structure of the MMC is shown in Fig. 1. It consists of three legs (x: a, b, ¢),
and one leg includes two arms (g: U, L). One arm comprises N healthy SMs and N, redundant
SMs. A half-bridge SM is used in this topology, including two switches, one capacitor, and
one bypass switch B.

2.2. Basic operating principle

In MMC as shown in Fig. 1, the arm voltages and currents are expressed as:

v,, =0.5V, -V, cos(at +9,), Q)
v, =0.5V, +V, cos(at +9,), )
I =lgrex +0.51, ®)
Iy = e —0.5i,, 4
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where vy and vy represent the upper and lower arm voltage, ixu and ix_ are the upper and lower
arm current, and icircx is the circulating current within each leg. The AC output voltage and
current are expressed as:
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Fig. 1. Circuit structure of the MMC

v, =V, cos(at+0 ), (5)
I, =1, cos(at+5, —¢), (6)

where V, and |, are the voltage and current magnitudes, o is the fundamental angular
frequency, Jy is the initial phase angle (da = 0, d» = 2n/3 and J. = -2n/3), and ¢ is the phase
angle between voltage and current. In [xx], the SM capacitor voltage ripple, Avc pp, iS
proportional to the output current value and inversely proportional to the fundamental
frequency, which can be expressed as:
IO

Av, o @)
where C is the SM capacitance. As a result, Avc p, becomes larger in the low-speed range. It
leads to the necessity of a mitigated method that should be integrated with the control method
of motor drive. In this paper, the sinusoidal-wave method is employed to overcome that issue
[4]; thus, the high-frequency CMV and circulating current are injected into each arm converter.
The next section discusses the proposed fault-tolerant control.

3. THE PROPOSED FAULT-TOLERANT CONTROL SCHEME

Prior to a fault occurrence, N, redundant SMs are utilized to decrease the voltage
reference for SM capacitors, which is equal to Vq4/(Na + Nr). The SM voltage reference in the
upper and lower arms are expressed as:

« _l-mcos(at+9) V,
v 2 N, +N,’

(8)
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~ _l+mcos(aot+p) V
. 2 N, +N,

where m is the modulation index.

9)

fe

%

IJ Di 4
+ Ve
o S>IREDS

leg b
+
VxlJ E

leg e

Submodule
fo———==== )
/ ]
7 J o
1 1
R i Vdc
b Byt —
j=1:3 2
H (Na=4, N = 1)

2 j=1:5
(Na—4, N~ 1)
_ x=abc x—a b c
0, -_ > [0)
= b I cf e L]
de VL abc i V‘/"_ abc M
T ] @

E

Fig. 2. Reconfiguration of MMC when an open fault occurs at the SM-1 in the upper arm of phase-a.

Fig. 2 illustrates the circuit reconfiguration of MMC when an open fault occurs at SM-1
in the upper arm of phase-a. To ensure the output voltage with low THD, the carrier
frequencies of healthy SMs in the failure arm are updated to maintain the total equivalent
switching frequency per arm to be the same as other arms. Therefore, the updated carrier
frequency, f/, of SMs in the upper arm of phase-a is expressed as:

. N
fc = W fc ' (10)
where N = Na + Ny and N’ is the remaining SMs in each arm. In addition, the SM capacitor

voltage references in the failure arm are also updated as:
* Vd
v, =—"¢, (12)
N
Next, the SM voltage references in the upper and lower arms are expressed as:
» _1-mcos(a,t +p) Vy,

V , 12
xU 2 N ( )
V:L _ 1+m 0032(th + ) \% . (13)
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Fig. 3. Reconfiguration of MMC when an open fault occurs at the SM-3 in the lower arm of phase-a.

Similarly, if the failure SM belongs to the lower arm instead of upper arm, the carrier
frequency and the SM capacitor voltage reference in the lower arm are updated. The SM
voltage references in the upper and lower arms are given as:

~ _l-mcos(a,t +9) Vy

VxU 2 N ! (14)
« l+mecos(a,t+ @)V,
= 5 N (15)
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Fig. 4. Reconfiguration of MMC when an open fault occurs at the SM-3 in the lower arm of phase-a.

After recovery from the prior fault, another open-circuit fault may occur as shown in Fig. 4.
Then, the carrier frequency and the SM capacitor voltage reference are updated based on the
remaining SMs.

4, SIMULATION RESULTS
To validate the proposed control strategy, a 4160-V/1-MW simulation model of MMC in

motor drive applications has been developed. The circuit parameters used for the simulation are
listed in Table 1, in which four ordinary SMs and one redundant SM has been used per arm.
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Table 1. Parameters used for simulation

Parameters | Symbol Value
Converter (MMC)

Apparent power (kKVA) S 1081

DC-link voltage (V) Vic 7000
Number of ordinary SMs per arm Na 4
Number of redundant SMs per arm N¢ 1

SM capacitor voltage reference (V) v} 1400

Arm inductance (mH) L 1.5

SM capacitance (mF) C 0.9
Carier frequency (Hz) fc 2000

Injected frequency (Hz) fn 200

Induction Motor (IM)

Output power (hp) Po 1250

Rated voltage (V) Vi 4160

Rated current (A) Irated 150

Rated speed (rpm) Orm_rated 1470

Rated torque (N.m) Trated 5970
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Fig. 5. Performance at low-speed operation (om = 150 rpm). (a) Motor speed. (b) Output current. (c)
SM capacitor voltage in phase-a. (d) SM capacitor voltage in phase-b. () SM capacitor voltage in
phase-c. (f) Circulating current. (g) Common-mode voltage.
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Fig. 5 shows the performance of the normal operation of the MMC at orm = 150 rpm
when the load torque is changed from no load to full load at t = t1. During the accelerating
operation, the motor speed is increased from zero to 150 rpm as shown in Fig. 5(a). In Fig.
5(b), there is a high inrush current due to the startup of the motor. Fig. 5(c)-(e) demonstrates
waveforms of the SM capacitor voltage in three phases, where their reference is 1400 V. As
can be seen, the SM capacitor voltage is controlled to follow the reference well, and their
ripples are within the allowable range. In Fig. 5(f), the circulating current is shown, where the
high-frequency component is injected into each arm intentionally to mitigate the SM capacitor
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voltage ripple. Besides the injected circulating current, the injected CMV is also required as
shown in Fig. 5(g).

Fig. 6 shows the performance of the proposed fault-tolerant control regarding S: open
circuit fault of SM-2 in the upper arm of phase-a. At t = t;, an open circuit fault occurs in SM-
2, and its capacitor voltage will be zero. In addition, the reference for the SM capacitor voltage
in the upper arm of the phase is updated to 1750 V because of the remaining four SMs. Also,
the carrier frequency of those SMs is updated to 2.5 kHz from 2 kHz. As can be seen in Fig.
6(c), the SM capacitor voltages in the upper arm of phase-a follow well the reference of
1750 V. SM capacitor voltages in phase-b and phase-c are still balanced at 1400 V as shown
in Fig. 6(d) and (e). The motor speed does not deteriorate during the fault-tolerant operation.
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Fig. 6. Performance of the proposed fault-tolerant control regarding S; open circuit fault of SM-2 in

the upper arm of phase-a. (a) Motor speed. (b) Output current. (¢c) SM capacitor voltage in phase-a. (d)
SM capacitor voltage in phase-b. () SM capacitor voltage in phase-c. (f) Circulating current.
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Fig. 7. Performance of the proposed fault-tolerant control regarding open circuit faults in the upper
and lower arms of phase-a. (a) Motor speed. (b) Output current. (c) SM capacitor voltage in phase-a.
(d) SM capacitor voltage in phase-b. (e) SM capacitor voltage in phase-c. (f) Circulating current.
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Fig. 7 illustrates the performance of the proposed fault-tolerant control regarding open
circuit faults in the upper and lower arms of phase-a. Open circuit faults occur in SM-2 in the
upper lower arms at t = t; and t = t,, respectively. Since there are four SMs in the lower arm
after t;, the SM capacitor voltage reference in the lower arm is updated to 1750 V shown in
Fig. 7(c). Therefore, only eight healthy SMs function in phase-a. In Fig. 7(a), the motor speed
follows its reference well. The SM capacitor voltages in other phases are also balanced at
1400 V.

5. CONCLUSION

This paper has proposed a fault-tolerant control scheme for the MMC in medium-voltage
motor drives. In each converter arm, the redundant SMs are employed to bring benefits to healthy
and fault-tolerant operations. The SM capacitor voltage reference can be decreased in healthy
operation, which helps to reduce the voltage stress on switching devices. During the fault-
tolerant operation, the failure SMs can be bypassed and the remaining SMs can be controlled
with a higher voltage reference. Only the failure SMs are bypassed, and other healthy SMs in
other arms still function normally. The validity of the proposed control strategy has been
confirmed through the simulation results for the MMC-fed induction motor drive system.
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TOM TAT

PHUONG PHAP HOAT PONG VOI KHA NANG CHIU LOI CHO BO BIEN POI

DA BAC CAU HINH MO-DUN TRONG TRUYEN DONG PONG CO TRUNG THE

Vin Tan Lugng, Lé Ptic Diing*, Nguyén Hong Nghi
Truong Pai hoc Cong Thuwong Thanh phé Ho Chi Minh
*Email: dunglduc@huit.edu.vn

Trong bai b4o nay, phuong phéap hoat dong vai kha ning chiu 16i duoc dé xuat cho bo

bién d6i da bac cau hinh md-dun (MMC) trong cac bo truyén dong dong co trung thé. Cac mo-
dun con du phong (SM) duoc trién khai trong mdi nhanh d& mang lai loi ich trong qué trinh
van hanh binh thuong va c6 kha nang chiu 16i. Trong qué trinh hoat dong binh thu'orng, cac
SM dy phong dugc diéu khién dé hoat dong nhu mot SM nira cau thong thuong, giup giam
dién ap cua trén tu ciia SM, tr d6 cai thién do tin cay cua hé théng va giam ton hao. Trong qua
trinh van hanh c6 kha niang chiu 15i, cac SM bi 15i trong mot nhanh dugc loai bo va cac SM
con lai cua nhanh khéc van tiép tuc hoat dong; do do, cac SM du phong c6 thé sir dung cho
cac 16i trong tuong lai. Bén canh do, giai thuat giam dao dong dién &p trén tu cia SM trong
qua trinh van hanh ¢ toc d6 thip duoc ap dung. Tinh kha thi caa phuong phap dé xuat da duoc
xé&c minh bang két qua md phong cho hé thong truyén dong dong co cam ttng cip ngudn MMC
4160-V/1-MW.

Tur khoa: Phuong phap hoat dong voi kha nang chiu 16i, bo bién d6i da bac ciu hinh mo-dun,
dao dong dién ap trén tu cta mo-dun.
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