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Abstract Reliability is an important issue in
medium-voltage (MV) electrical drives. The modular
multilevel converter (MMC) is an inherently fault-tolerant
topology and an interesting solution when quadratic loads
are used. Redundancy strategies can be used to extend
system failure capability. The strategies presented in the
literature affect the dynamic performance and the power
losses of the MMC. In addition, for isolated and inaccessible
areas, such as ore slurry pumps, which are widely used in
mining industries, the maintenance time and cost are high.
This paper compares four redundancy strategies applied
in a MMC for an electric drive and presents a derating
strategy to maintain the system operating after a greater
number of failures. The results showed that hot redundancy
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schemes have less impact on the dynamic performance of
the system than the strategy that operates with the nominal
submodule (SM) number. Besides, hot redundancy presents
up to 14.72% more power losses. For quadratic loads, such
as the ore slurry pump, it was concluded that, for 14% of
failures, the speed reference should be reduced to at least
28% in order to keep the system operating.

Keywords Modular multilevel converter - Electric drives -
Redundancy - Derating.

1 Introduction

The 2-level converter is widely used for low-voltage drives
due to its robustness and simplicity when operating at
this voltage level. The topologies Neutral-Point Clamped
(NPC), Active Neutral-Point Clamped (ANPC) and
Flying-Capacitor (FLC) are interesting solutions for
medium-voltage (MV) solutions up to 6.6 kV (Kouro
et al, 2012). The main solutions for motor voltages equal
or higher than 6.6 kV are based on cascade converters,
such as the converter developed by Robicon Corporation
(Hammond et al, 1997, Wakamura et al, 2015). One
disadvantage of this system is the need for a zig-zag
transformer, which increases the losses, volume and weight
of the equipment.

In recent decades, the Modular Multilevel Converters
(MMCs) have proven to be a family of high performance
and high efficiency converters (Kumar et al, 2018). They
are mainly applied in the field of high power, such
as High Voltage Direct Current transmission systems
(HVDC), Static Synchronous Compensator (STATCOM)
and medium-voltage adjustable speed drive systems. MMC
has also been studied for energy storage and renewable
energy systems (Akagi et al, 2017).
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The use of MMC in electric drive systems is very
attractive for many reasons, including (Antonopoulos et al,
2014; Hagiwara et al, 2013, 2009):

Low switching frequency and harmonic content, which

reduce the losses and thermal stress in the motor;

— Likely elimination of transformers in line-frequency MV
motor drives;

— High-quality output voltages waveforms, which require
no additional filtering schemes;

— High performance, since energy costs and environmental
awareness are increasing rapidly;

— Inherent fault tolerance.

The Double-Star Half Bridge (DSHB) is the most used
MMC topology and is widely employed in HVDC systems
(Farias et al, 2018). However, this topology has some
limitations in electrical drive application during low speed
and high torque, due to the high voltage ripple in the
capacitors. References (Kumar et al, 2018; Antonopoulos
et al, 2014; Hagiwara et al, 2013; Kumar et al, 2017; Li
et al, 2017) propose some methodologies to solve these
limitations for loads whose torque is a quadratic function
of the motor speed (Li et al, 2017; Hagiwara et al, 2010).
This type of load is very common in sectors such as oil
and gas, pumping, mining and cement industry. For instance,
slurry pumps are widely used in the mining industry instead
of trucks or railroad, overall ore transportation costs are
significantly reduced (Dove et al, 2019). Such kind of
load accounts for about 70% of the market for MV drives
(Wu et al, 2017). Some companies, such as Benshaw and
Siemens, commercialize the DSHB-MMC topology for
pumps, compressors and high-power blower drive systems
(Akagi et al, 2017).

Regarding MV electrical drive design for mining
applications, a fault tolerance capability is an important
issue due to the high cost/failure rate and the fact that
out-of-service maintenance is expensive. The converter
is the most vulnerable link, especially because of
the semiconductor devices and capacitors used in its
manufacturing. However, due to advances in power
electronics, many high reliability products have been
developed (Song et al, 2013). MMC is an inherently
fault-tolerant topology, which leads to increased system
reliability when redundancy strategies are considered
(Ahmed et al, 2015).

The literature presents some works related to MMC
redundancy. Reference (Farias et al, 2018) studies different
techniques of redundancy applied to STATCOM, while
reference (Wang et al, 2017) mentions the importance of
redundancy, which allows for a maintenance scheduling,
without affecting the remaining system. Reference (Liu
et al, 2015) focuses on optimizing MMC redundancy control
strategy. Reference (Son et al, 2012) shows the design for

a HVDC system with redundant submodule, SM, targeting
uninterruptible energy transfer.

Power reduction strategies have proven to be a potential
solution to increase system reliability. Reference (Vernica
et al, 2018) discusses a smart derating strategy to obtain
the optimum power level of the wind power plant with
the longest lifetime. In turn, (Achiri et al, 2015) presents
a reduction in the inverter output current in order to
avoid high temperatures when the flow and efficiency of
the cooler system decrease. Reference (Maharjan et al,
2010) developed a fault-tolerant cascade converter with a
neutral displacement in order to continue operating during
faults. This method, called neutral shift, consists in the
injection of a zero sequence voltage and displacement of the
neutral so that the line voltages remain constant to obtain
improved performance. Finally, (Song et al, 2010) proposes
a fault tolerant cascade converter based on STATCOM.
When a fault cell is detected, it is removed from the
system and the voltage of each cell increases in order to
avoid overmodulation. However, it is not always possible
to increase the cell voltage due to the specifications of
cell components, since, for a cost-effective design, the
margin for increasing the voltage in the cell is reduced or
nonexistent.

Regarding the application in electrical drives, it is
possible to extend the redundancy study range. Instead of
grid connected systems, the electric drive system does not
have a minimum operating voltage. Thus, if a larger number
of failures occur, the system can still operate at derating
mode until maintenance can be programmed and performed.
For a slurry pump system located in isolated or inaccessible
areas, if more failures occur in the MMC, the derating
strategy will keep the slurry pump running, with reduced
flow. However, there is a lack of derating strategies for
MMC for an electric drive in the literature.

Therefore, this work intends to fulfill this gap with a
MMC for an electric drive system. A 1.4 MW slurry pump
is used as a mechanical load. This study offers the following
contributions:

— Analysis of the redundancy strategies in a DSHB-MMC
based medium-voltage electric drive;

— Comparison of the redundancy strategies in terms of
power losses and dynamic response;

— Derating strategy design for continuous operation in the
event of a large number of failures.

The paper is outlined as follows. Section 2 proposes the
MMC drive system and presents the control strategies. The
fault-tolerant operation with redundant SMs and derating
strategy are presented in Section 3. Section 4 presents the
case study and the parameters of the simulated system.
Furthermore, the obtained results are shown and discussed
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in Section 5. Finally, the conclusions of this work are stated
in Section 6.

2 MMC based electric drive: control strategy

The structure of the DSHB-MMC based electric drive
system is shown in Fig. 1. As observed, this topology
contains a cascade association of half-bridge cells, generally
consisting of two IGBTs, two diodes and a SM capacitance
C. A switch St is usually installed in parallel with each SM.
This device has the purpose of bypassing it if any failed
SM, F, is detected (Farias et al, 2018; Gemmell et al, 2008).
Thus, the topology becomes inherently fault-tolerant. Unlike
the cascade converter developed by Robicon, the MMC
features a single dc power supply, similarly to a 2-level
inverter or NPC. The MMC has N effective and M redundant
SMs per arm. R, refers to the bleeder resistor.

The arm inductors L, reduce the harmonic distortion
in the circulating currents (Farias et al, 2018; Harnefors et al,
2013). Coupled inductors are considered in this work, due
to their reduced volume and weight. Additionally, coupled
inductors, in theory, do not present inductance in the output
current path. Thus, they do not affect the dynamics of the
motor control (Hagiwara et al, 2013).

The proposed control strategy is presented in Fig. 2.
The control structure can be divided into: averaging voltage
and circulating-current control, balancing control and rotor
field oriented control (RFOC). The block diagram for the
averaging voltage and circulating current control is shown
in Fig. 2 (a). The external loop controls the average voltage
Vayg of all SMss per phase. This average voltage is computed
by:

1 &
Vavg = N7T lzzl Vsm,is (D

where v, ; is the ith SM voltage per phase. N7 is the total
number of operating SMs per phase, given by:
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Fig. 1 Schematic of the DSHB-MMC drive system.
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Fig. 2 Proposed control strategy for MMC Drive System: (a)
Averaging and circulating-current control; (b) Balancing control; (c)
Rotor field oriented control. CMI - Common — mode in jection. MAF -
Moving average filter.

where N,(,) and N,;) are the number of operating SMs of
the upper and lower arms, respectively.

The average voltage loop forces the SMs average
voltage to follow its command v,,, and calculates the
circulating current required by the inverter leg. This control
also manages the energy exchange between the converter
arms. The inner loop, composed of control the circulating
current, reduces the harmonics in the circulating current
and introduces damping in the converter dynamics. This
control is based on proportional resonant (PR) controllers to
suppress the second harmonic component, which is typical
in DSHB topology (Farias et al, 2018).

The MMC-DSHB topology presents high oscillation
level in the SM capacitor voltages when the motor is
operating at low speeds, since the voltage ripple of the
capacitors is approximately inversely proportional to the
stator motor frequency, as follows (Hagiwara et al, 2010):

V21

A ~——
Yom = gnrc

3)
where [ is the motor rms current and f is the frequency
of stator voltage. Thus, large oscillations in the capacitor
voltages occur during the motor start-up, which results in
control instabilities and large stresses in the SM capacitors
(Antonopoulos et al, 2014). This paper employs the ripple
mitigation technique proposed by (Hagiwara et al, 2013).
This method consists of inserting a common-mode voltage
and circulating current, which reduces the ripple of the
capacitors. The common-mode injection, CMI, consists in
a sinusoidal signal added to a third harmonic component.
The component i,. presented in Fig. 2 (a) refers to
the circulating current inserted to mitigate the voltage
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fluctuation of the capacitors at low speed. The CMI is
employed at the 0 to 20 Hz range of the motor frequency,
where it cause the greatest impact on the voltage ripple. The
frequency used is 54 Hz for CMI, and the amplitude of the
third harmonic inserted is 1/6 of the fundamental component
(Hagiwara et al, 2013).

The individual balancing control is used to ensure
that the individual capacitor voltage is balanced according
to the reference value (Meynard et al, 2002). For such,
the individual controller is composed of a proportional
controller, as shown in Fig. 2 (b). The moving average
filter (MAF) attenuates the capacitor voltage ripple, which
improves the individual balancing performance. Then, its
output is multiplied by the arm current, iy, ;. The obtained
signal is added to the modulator reference signal.

The last control structure is the motor speed control,
Fig.2 (c¢). The rotor field orientation control (RFOC) strategy
is used based on (Novotny et al, 1996). The motor position
is measured to obtain the necessary motor flux alignment.

The modulator adds, normalizes and compares the
reference signal with the carrier waves (Hagiwara et al,
2013, 2009, 2010; Sahoo et al, 2018). A Phase-Shifted
PWM (PSPWM) with third harmonic injection is the
modulation strategy employed. The normalized reference
signals per phase are given by:

v Vi v 1 N
Vi =vi4 —— — i oM 4 - @
“ vi‘(m,u v:m,uNo(u) V;Km,uNo(u) 2 No(u,l)
Vi vE v 1 N
Vvt Ve (1N
.th v.tm.,lNO(l) v:m.,lNO(l) 2 NO(“J)

where v}i is the reference of the individual balancing control,
v} is the voltage generated by the control of the circulating
current, vy is the reference voltage of the RFOC, vj, , and
Vi, are the reference voltages of the SMs of the upper
and lower arm, respectively. On the other hand, v¥,,, is the
common mode voltage and N, ;) = min(N,,, Ny())-

3 MMC Fault-Tolerant Operation
3.1 Redundancy analysis

Due to several electrical, mechanical and environmental
factors present in an industry, MMC is vulnerable to some
types of failures or faults (Son et al, 2012). Nevertheless,
the system should continue operating perfectly until
maintenance can be programmed (Konstantinou et al, 2012).
The MMC topology is often featured with its robustness
for SM failures. Redundant SMs are inserted into each arm
for fault-tolerant operation. When a fault is detected, the
damaged SM should be bypassed (Son et al, 2012).
According to (Farias et al, 2018), the redundancy
strategies can be classified as: Redundant operation based on
Spare SMs (RSS), Redundant operation based on Additional
SMs (RAS), Optimized Redundant operation based on

Additional SMs (RASO) and Standard Redundant operation
(SR).

The RSS strategy is a redundancy technique based on
the concept of spare SMs (Son et al, 2012). During normal
operations, the backup SM are bypassed. When a fault is
detected, this faulty SM is replaced by the backup SMs (Li
et al, 2015). This technique has the advantage of operating
with a constant number of SM and requiring no control
adaptation. However, this technique affects the transient of
all control variables, due the SM capacitor charging process.

The RAS strategy consists in operating the MMC with
more SMs than the nominal number. When a fault occurs,
the faulty SM is bypassed and the operating voltage of the
SMs is maintained at the rated voltage (Saad et al, 2015;
Choi et al, 2016). Therefore, when a SM fails, the SMs
voltages do not increase. Thus, small transients are observed
in the converter dynamics.

On the other hand, RASO strategy operates the SMs with
a reduced voltage under normal conditions, thus reducing
the voltage stresses and power losses in the SM power
devices (Ahmed et al, 2015). When a fault is detected, the
SM voltages are increased to avoid overmodulation (Farias
et al, 2018).

Finally, the SR strategy operating principle is similar to
that of RASO. However, there is no additional SMs. In this
technique, when a failure occurs, the operating voltage of
the SMs is increased (Liu et al, 2015). This is an interesting
solution for applications with high numbers of SMs, which
does not require redundant SMs. The utilization factor f,
can be computed by:

*

fy = —am ©6)

)
Vrated

where Vv,4eq is the rated voltage of the semiconductor
devices. However, to maintain a safe operation, f, can
not exceed 0.6 (Farias et al, 2018). Therefore, this
strategy is limited by the maximum voltage stresses at the
semiconductor devices and capacitors. According to (Farias
et al, 2018), for the SR strategy, the redundancy factor f; is
computed by:

o
fu,f7

where f, , is the utilization factor under normal conditions,
and f, r is the utilization factor when all admissible failures
occur. Many papers in the specialized literature employ f;
around 10% (Konstantinou et al, 2012). The number of
redundant SM, M, can be computed by:

M = ceil(Nfy) (8)
Manipulation of (7) and (8), results in:

o fu,f . N
~ fuo N—ceil(Nf,)’

ku )
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where k, indicates the perceptual variation in the utilization
factor. Since f,, = 0.5 is widely used, k, = 0.6/0.5 = 1.2
would be the limit. However, once the capacitor voltages of
the SMs present ripple, a safety margin is adopted. Thus, &,
= 1.15 is employed in this paper. Fig. 3 shows the effect of
the number of SMs on the k, ratio. As observed, applications
with fewer number of SMs exceed the range of k, = 1.15,
which means that f, = 10% can not be reached using the SR
strategy. Once MMC based drive systems typically employ
few SMs, the SR strategy is not suitable, since it results in
large voltage stress in the healthy SMs.

Regarding the implementation, the reference values for
the average voltage control vy, and the balancing control
v}, depend on the redundancy strategy adopted. For the RSS
and RAS strategies, the voltage reference for the individual
control is calculated by:

ye = Ve (10)

where V. is the dc-link voltage. Even during faults, the
average voltage references do not change in the RSS and
RAS strategies. Therefore, the average reference voltage per
phase is calculated by:

Va
Vivg = WC (11)
However, in the RASO strategy, when a fault is detected,
the SMs voltages reference increase. Thus, the voltage
reference for all SMs and the average reference voltage for

RASO strategies are computed by:

Vdc
Vim = ) (12)
" No(uJ)
Vdc
S . 13
Vivg Mot (13)
Table 1 shows the main characteristics of each

redundancy strategy described in this paper. In addition, the
number of gate signals for these strategies is given by 12N,
since the MMC has 6 arms and 2 IGBTs per SM.

3.2 Derating strategy

As previously mentioned, industrial equipment is
susceptible to several factors that can lead to failures.
After all redundant SMs have been used, failures can

——k =1.15
2k Dangerous operation +E‘21 ©)
=
. 1.15 ke «— Limit
x%% Safe opera‘t:(‘)?%‘%&)’6 MF
H 5 10 15 20 25 30

N
Fig. 3 Redundancy limit for SR for some number of SMs.

Table 1 Main characteristics of redundancy strategies.

Strategy v} N, M Ref.

sm
RAS Ve NIM—-F M=ceil(Nf,) (Saadetal,2015)
(Choi et al, 2016)

RASO Y N+M-—F M=ceil(Nf) (Ahmedetal,2015)

RSS Vie N M = ceil(Nf,) (Son etal,2012)
(Li et al, 2015)

SR YVL N-—F M=0 (Liu et al, 2015)

still occur. For applications where the electric drive is in
inaccessible areas, such as ore slurry pumps in mining
industries, the time and cost of maintenance are high. Under
such conditions, a derating strategy is proposed in this
paper. When the number of failures exceeds the designed
redundancy factor, the motor reference speed is reduced
to avoid overmodulation. Fig. 4 illustrates this problem.
When a fault occurs in a MMC based electric drive without
redundant SM, the insertion index is increased, since
the MMC will have less SMs available to synthesize the
motor voltage. To circumvent this increase in the insertion
index and avoid overmodulation, the derating strategy
is used to keep the insertion index constant when more
failures occur. Thus, the motor voltage is reduced by motor
speed reduction. This is possible due to the quadratic
characteristic of the load in a certain operating range, since
some applications have a shut-off speed.

The voltage of the stator machine in d-q can be
represented by (Novotny et al, 1996):

vS=1/v§S+v§S, (14)

where, vy; and vy are the direct and quadrature stator
voltages, respectively.

On the other hand, in a rotor flux reference frame, the
steady-state voltages can be described by (Novotny et al,
1996):

Vds = Rslds - weL_/quSa (15)
qu = Rslqs + @, Lslys, (16)

where R, is the stator resistance, I;; and [, are the
steady-state values of the direct and quadrature axis
currents, respectively. @, is the angular electric frequency of

failyre '

2L - = 3
S \ 7T /

/
508F 4 / 4 i 1
E ‘ f i '
=06 / ! i 4
£ 0.4 |-~ Steady-State A ! B
e 02l —— Without derating ‘.\ /" |
=he — — With derating \ i

0 AR L .\ - L L L 1
0 0.01 0.02 0.03 0.04 0.05 0.06

Time (s)

Fig. 4 Effect of derating on the insertion index.
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the stator, L is the stator transient inductance, L is the stator
self inductance. The current ;5 can be written according to
the torque, as follows:

4L,
3melr
where L, is the rotor self inductance, p is the number of

poles, L,, is the magnetizing inductance and A, is the rotor
flux. On the other hand, the load torque is given by:

I = T, (17)

T, = ko, (18)

where @), is the angular mechanical frequency of the rotor.
The constant & is calculated to have the rated torque Tp,
at nominal speed w,,,. Using relations (15) and (16), and
disregarding the friction and @, =~ ®,,, the equation (14) can
be written as:

Ve = \/aa),?,—&-ba),‘,ﬁ—cw%—i—da),%,—i—ez, (19)
where the constants a, b, ¢, d and e are respectively:
LLk \?
a= s , (20)
3pldsLy2n
R,k \*
b= i , 21)
3PL%11ds
2R,L.Lk\*
c= | =22 ; (22)
3pL3,
2R,L.LIk\ >
d = (Lgly)* — | =5 23
( s ds) ( 3PL,2n ) ( )
e = (Ryly)>. (24)
For high speed operation, most of the voltage

synthesized by the MMC is due to the RFOC control and
the average control, since the voltage generated by the
circulating and balancing controls is very low at high speeds.
Therefore, the normalized voltages synthesized for the upper
and lower arm can be approximated by:

Vg 1 N
Vu R — +5 ) (25)
‘ V?m,uNo(u) 2 No(u,l)
by A Vg n 1 N 26)
1R = .
vsnL]N()(l) 2 N()(u,l)

Thereby, the maximum values of the synthesized upper
and lower arm normalized voltages are given by:

(Vi) Vs 4 1
max(vy ;) =max | ———— max | =
Vsm(u,l)NO(”aZ) 2

By assuming a modulation index equal to 1 to avoid
overmodulation, the following result is obtained:

. 1 N
Vs +VenlNo(u,1) (2 Notur) 1) =0 (28)

N
<1.27)
No(u,l) )

— Solution of (28)
------ Simplification
* Simulated

o_ (pw)

0 5 10 15 20 25 30 35 40 45
Fault (%)

Fig. 5 Speed reduction according to the SM fault percentage.

Thus, replacing (19) in (28), and solving for @, the
necessary reduction of the speed can be obtained, according
to the number of failures. For the sake of simplicity and
processing time, (19) can be simplified due to the system
parameters. When the typical values are replaced, the
constant d has the greatest impact on (19), which can be
rewritten as:

Vs &y /d@?. (29)

Fig. 5 presents the solution and simplification of (28)
using the parameters of Tabs. 2 and 3. Note that despite
the nonlinear characteristic of (28), the speed reduction
is approximately a straight line function with an angular
coefficient & = —2, due to some facts: firstly, since the
motor is controlled by the RFOC, the operation of the motor
at high speeds is similar to a constant V/f ratio, which
would imply a proportional reduction. Moreover, as failures
occur, the difference between the dc link and the sum of
the capacitor voltages increases and an additional voltage
portion must be used to limit the circulating current. This

portion is represented by the term 1 ~—, which reduces

2N, ’
o(u,l)
the Voltage to avoid overmodulation.

4 Case Study

The drive used in the tests carried out in this work consists
of a 1.4 MW, 7.2 kV, 1792 rpm induction motor that drives a
slurry pump. The motor parameters are reported in Table 2.
MMC ratings are shown in Table 3. The MMC has 7 SM per
arm, but, according to Fig. (3), the SR redundancy strategy
can not be used, since, in this case, k, is greater than the
limit 1.15.

The failure scenario used in this paper consists of an
asymmetrical failure. When any SM of one arm fails, the
other arms continue operating normally. The simulations
are performed in the PLECS™ environment, aiming to
compare the redundancy strategies for dynamic behavior
and power losses. In addition, the derating strategy proposed
in this paper will be evaluated through the dynamic behavior
of the converter and motor. The ABB IGBT part number
5SNG 0250P330305 of 3.3 kV-250 A is selected for this
application.
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Table 2 Parameters of the induction motor.

Parameter Value
Rated active power (P) 1.4 MW
Rated rms line-to-line voltage (v,,) 7.2kV
Rated line current (i) 134 A
Rated frequency (f) 60 Hz
Rated rotational speed (n,,) 1792 rpm
Rated power factor 0.87
Rated efficiency (1) 96.7%

Number of poles (p) 4

Rated torque (Tyom) 7.46 kKN
Rotor resistance (R;) 0.15386 2
Stator resistance (Ry) 0.13735 Q2
Magnetizing inductance (L,,) 217.3 mH
Stator self inductance (Ly) 224.64 mH
Rotor self inductance (L,) 224.64 mH
Stator transient inductance (L) 14.44 mH
Table 3 MMC ratings.
Parameter Value
Rated apparent power (S) 2 MVA
Pole to pole dc voltage (V) 12kV
Arm inductance (L) 7.7 mH
Arm resistance (Rgm) 0.065 Q
SM capacitance (C) 2 mF
Nominal SM voltage (V) 1.71 kV
Switching frequency (f;) 945 Hz
Number of SMs (N) 7 per arm
Number of additional/spare SMs (M) 1 per arm

5 Results
5.1 Start-up dynamic performance

Fig. 6 shows the torque and speed profile applied to the
system. Fig. 6 (a) shows the load torque applied to the
motor shaft and the electromagnetic torque developed. The
difference in the transient is due to the acceleration of the
motor, and the developed torque must be higher than the
load torque. The oscillations present at t = 5.3 s are due to
the end of the CMI. There is a very low ripple in the torque,
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Fig. 6 Start-up of the MMC based electric drive: (a) Torque; (b)
Mechanical speed and speed error.

which tends to minimize vibrations in the motor, since the
converter has 7 SMs and, consequently, 15 levels of phase
voltage. The motor speed profile adopted in this paper can be
observed in Fig. 6 (b). The motor is accelerated from 2 to 12
seconds, and, in steady-state, the motor speed is maintained
at 1800 rpm. In addition, this figure illustrates the speed
error during the start-up, which results in a maximum error
of 1.5 rpm in ¢ = 2 s. The small speed variation in # = 5.3 s
is caused by the end of the CMI used.

Fig. 7 shows the converter dynamics. Initially, all
capacitors of the SMs were considered charged. At 0.1
seconds, the direct axis current was inserted in order to
magnetize the motor. This behavior can be analyzed in the
motor currents, shown in Fig. 7 (a), when the dc component
is applied in the machine. After 2 seconds, a speed ramp
was applied to accelerate the motor. At this time, the
CMI strategy was inserted to mitigate ripple under lower
capacitor voltages frequency. In addition, the same figure
shows a quadratic increase in the amplitude of the currents,
which is also presented in Fig. 7 (b). When the motor
reaches 1800 rpm, a small drop is observed in the stator
currents and arm currents.

Moreover, Fig. 7 (b) illustrates the insertion of the i},
This component is injected into the system until # = 5.3
s, when the frequency applied to the motor is lower than
20 Hz. It is also demonstrated that the peak of the current
inserted in low frequency is similar to the arm currents in

steady-state. The SMs capacitor voltages of the upper arm

Time (s)
()

Fig. 7 Effect of the start-up in the MMC dynamics: (a) Stator currents;
(b) Arm currents; (c) SM voltages.
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for the a-phase are shown in Fig. 7 (c). As observed, the
capacitor voltages in the steady-state have a ripple of 3.5%,
that is, within the 10% dashed band in the figure. During the
transient, the ripple reaches a maximum of 10.5%.

5.2 Dynamic Performance of Redundancy Strategies

The simulation considers a failure of one SM at 14 seconds.
The capacitor voltages in pu of the upper arm for the a-phase
are illustrated in Fig. 8. As observed in Fig. 8 (a), the
SM voltages are balanced for the RAS strategy, since the
reference voltage of the SMs is maintained constant in this
strategy. Additionally, the maximum value of SM voltages
in steady-state does not exceed 5%, thus validating the
redundancy strategy.

For the RASO strategy, as illustrated in Fig. 8 (b), the
SMs operate with reduced voltage under normal conditions,
namely 0.9 pu. When failures occur, the SM voltages are
increased to avoid overmodulation. The increased reference
voltage generates a transient response at the capacitor
voltages, which reach the steady-state rapidly, maintaining
the voltage at 1 pu. As observed, the capacitor voltages do
not exceed the tolerance range of 5%.

0 L L
13 14 15 16 17

Time (s)
()
Fig. 8 Effect of the redundancy strategies on the dynamics of the SM
voltages: (a) RAS; (b) RASO; (c) RSS.

Fig. 8 (c) illustrates the SMs voltage for the RSS
strategy. When the failure occurs, the spare SMs are inserted
and their charging process is started due the MMC control.
During the charging process, the SM voltages reach 1.16 pu.
After 2 s, the spare SM charging process is finished and the
converter reaches the steady-state. It is important to observe
that the number of SMs does not change in the RSS strategy,
since the faulty and spare SMs are exchanged. Although
a significant transient is observed during the charge of the
spare SM, the voltages have a ripple of less than 5% in
steady-state.

The impact of the redundancy strategies on the arm
current for the g-phase can be analyzed in Fig. 9. As
observed in Fig. 9 (a), no significant transients were
observed for the RAS strategy. RASO presents a 21%
overshoot, due to the increased voltage reference, as
observed in Fig. 9 (b). Finally, Fig. 9 (c) presents the
response for RSS. As observed, this strategy presented an
6% overshoot and a total harmonic distortion (THD) of
11.35%. These distortions are consequences of charging the
spare SMs, where the individual control imposes a greater
proportional action to carry out the charging process.

Fig. 10 shows the electrical and mechanical performance
of RFOC. The electromagnetic torque and the speed error
for all redundancy strategies are presented in Fig. 10 (a)
and Fig. 10 (b), respectively. As observed, when a fault
occurs, the RASO strategy presents greater error during the
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Fig. 9 Effect of the redundancy strategies on the dynamics of the
MMC arm currents: (a) RAS; (b) RASO; (c) RSS.
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Fig. 10 Effect of the redundancy strategies in the motor dynamics: (a)
Torque; (b) Speed error.

transient, but the speed error was only 0.25 rpm, without
significantly impacting the RFOC control.

Finally, the conduction and switching power losses of
the semiconductors were obtained in steady-state before
the failure. The obtained values are represented in Table
4. As observed, the RAS strategy has greater losses in the
steady-state, since it works with additional SM. The RASO
strategy has slightly lower losses, due to the fact that the
semiconductor devices work with reduced voltage before
the failure. In turn, the RSS strategy does not affect the
efficiency of the system, since MMC operates with the
nominal SM number, once the spare SMs are bypassed.

5.3 Dynamic Performance of Derating Strategy

Finally, the derating strategy was implemented. Fig. 11
shows the speed profile to maintain the MMC operating
correctly. The first derating occurs at t = 17 s, when the
second SM failure, and the failure SM is bypassed. As

Table 4 Power losses in the semiconductors devices before the failure.

Strategy  Cond. (W)  Sw. (W) Increase of losses

RAS 5030 8530 14.72%

RASO 4950 7380 4.31%

RSS 4380 7440 0%
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Fig. 11 Reference speed decrease computed by the derating.
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Fig. 12 Derating strategy: (a) SM voltages; (b) Upper arm currents; (c)
Torque; (d) Speed error.

already discussed, the speed should be reduced to 28% to
maintain the modulation index constant. After reaching the
final condition at # = 19 s, the motor speed is kept constant to
obtain a steady-state condition. Next, the third failure occurs
atr =20 s, where the failure SM is bypassed in the converter.
The speed is then reduced to 46% of the rated speed, and
reaches the final value at 22 seconds.

The MMC and motor dynamics during the derating
strategy are shown in Fig. 12. Fig. 12 (a) shows the dynamic
behavior of the upper arm capacitor voltages from a-phase.
It is observed an overshoot of 1.08 pu at# = 17 s due to the
second SM failure. In steady-state, at # = 19 s, the capacitor
voltage is already within the 5% ripple range. In the third
fault, at r = 20 s, the overshoot is higher, with a peak of
1.105 pu. This can be explained by the low number of SMs
operating. However, the ripple in steady-state is 7.5%, which
maintains the good functioning.

The upper arm current of a-phase is shown in Fig. 12 (b).
During the second failure, at # = 17 s, a small overshoot is
observed for a short period of time. While the speed is being
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reduced, from 17 to 19 seconds, it is possible to analyze the
current reduction, due to the load characteristic. For the third
fault, a smaller current peak is observed, almost reaching
115 A.

The motor dynamics resulting from the derating strategy
can be analyzed in Fig. 12 (c¢) and (d). The torque applied to
the motor, and the developed torque on the shaft are shown
in Fig. 12 (c). This figure also shows the torque reduction
by the speed reduction strategy used. On the other hand, the
speed error is shown in Fig. 12 (d). Despite the considerable
transients present in the derating strategy, the speed error
is very low. In the second failure, the highest speed error
was 1.6 rpm, and in the third, 1.7 rpm. Therefore, it can be
concluded that the derating strategy proposed in this paper
presented good dynamic results both in MMC and in the
motor.

6 Conclusions

This work presented strategies to explore the redundancy
capability of the MMC drive system. Four redundancy
strategies and a derating strategy were used, whose
performances were obtained through a case study of an
electric drive of a 1.4 MW slurry pump system. The
RAS strategy presents better dynamic behavior, since its
voltage reference is maintained fixed. A weakness of
this strategy is the highly increased power losses, about
14.72%. The RASO strategy has a significant impact on
the MMC dynamics. However, the advantage is allowing
semiconductors and capacitors to operate at lower voltages,
which increases the power losses by only 4.31%. Finally, the
RSS strategy has greater impact on the dynamics due to the
capacitor charging process, and presents a 16% overshoot
in the voltage of the SMs capacitors at the time of failure.
However, the advantages include the fact that only N SMs
operate, which does not require the control to be adaptive
and that the power losses do not increase. The SR strategy is
not suitable for few SMs because it results in large voltage
stress in the SMs.

A derating strategy has been proposed, so that MMC
can continue to operate when a large number of failures
occur. Therefore, for the slurry pump, the speed reference
must be reduced by twice the fault percentage, i.e, if there
is a 14% faulty SM, the speed reference must be reduced
by 28%. However, the derating strategy has an interesting
cost/effective solution for emergency situations in isolated
mines, since the reduced speed will only imply the ore slurry
flow decrease. The derating strategy proposed in this paper
was verified through the dynamic behavior of the system and
the MMC based electric drive was able to continue operating
at derating mode after two extra SM failures.
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