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Abstract: A modular multilevel converter (MMC) is considered to be a promising topology for
medium- or high-power applications. However, a significantly increased amount of sub-modules
(SMs) in each arm also increase the risk of failures. Focusing on the fault-tolerant operation issue for
the MMC under SM faults, the operation characteristics of MMC with different numbers of faulty
SMs in the arms are analyzed and summarized in this paper. Based on the characteristics, a novel
circulating current-suppressing (CCS) fault-tolerant control strategy comprised of a basic control unit
(BCU) and virtual resistance compensation control unit (VRCCU) in two parts is proposed, which has
three main features: (i) it can suppress the multi-different frequency components of the circulating
current under different SM fault types simultaneously; (ii) it can help fast limiting of the transient fault
current caused at the faulty SM bypassed moment; and (iii) it does not need extra communication
systems to acquire the information of the number of faulty SMs. Moreover, by analyzing the stability
performance of the proposed controller using the Root-Locus criterion, the election principle of the
value of virtual resistance is revealed. Finally, the efficiency of the control strategy is confirmed with
the simulation and experiment studies under different fault conditions.

Keywords: modular multilevel converter (MMC); circulating current; sub-module (SM) faults;
characteristic analysis; fault-tolerant control

1. Introduction

The modular multilevel converter (MMC) was first introduced by R. Marquardt in 2001 [1].
Because of its modular design, it offers many advantages over the traditional 2-level converter such
as having higher equivalent switching frequency; being easily redundant; having a common DC bus;
and so on [2]. Thus, it attracts increasing attention nowadays, especially in the field of high-voltage
direct current (HVDC) transmission systems [3].

In an actual project, the MMC always builds with a large number of sub-modules (SMs) per arm
(e.g., Trans Bay Cable Project is reported to have 216 SMs per arm [4]) so that it can easily achieve
higher voltage and power levels. However, the large number of SMs also increases the risk of failure,
because each SM would become a potential failure point [5,6]. For enhancing the reliability of an
MMC system, redundant SMs are often equipped in each arm [7]. Generally, there are two modes for
configuring redundant SMs: (i) cold reserve, where the redundant SMs are bypassed under the normal
operation state, replacing the same number of faulty SMs when SMs malfunction [8]; and (ii) hot
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reserve, where the redundant SMs are operating in the same way as other SMs, but there are two
options that can be adopted when SMs malfunction. One is bypassing the same number of faulty
SMs in each arm to keep the system strictly symmetrical [9]; another way is just bypassing the faulty
SMs [10,11]. We call them scheme “ii-a” and “ii-b” in this paper, respectively. Compared to the
cold reserve mode, the hot reserve mode can make full use of all SMs under the normal operation
state, and can avoid the long time needed for changing the redundant SM capacitors to rated values.
In addition, as some extra healthy SMs need to be bypassed in scheme “ii-a”, this not only causes
the waste of healthy SMs, but also leads to a greater transient impact on the system when the large
number of SMs are bypassed. Therefore, scheme “ii-b” is more preferable for the MMC since it is
more economic and reliable. However, this scheme also has a potential problem, where the system
will operate with asymmetric arms. For ensuring the subsequent stable operation, the corresponding
fault-tolerant control approach should be considered, and this is also what this paper deals with.

Based on zero-sequence voltage injection technique, fault-tolerant control methods are proposed
in [11,12]. They can ensure the converter line-to-line voltage balance output and retain the SM
capacitor voltage unchanged after SM malfunction. However, the voltage injection methods will
become increasingly complicated as the number of faulty SMs increases, and the main concern is
only the modulation strategy. The mathematical model and fault characteristics analysis with faulty
SMs are not yet involved. In [13], the zero-sequence voltage-injection technique is improved based
on neutral-point shift control, and a circulating current-suppressing (CCS) control method based
on acb-dq and abc-dgq dual frames is also designed in this paper. It can achieve the suppression
of unbalanced circulating current, but it needs positive-, negative-, and zero-sequence controllers
simultaneously, and can only suppress the second-order frequency AC components of the circulating
current. In [14], the energy-balancing fault-tolerant control mode is introduced. This method is easy
to implement, which only needs to adjust the SM capacitor voltages on the faulty arms to ensure the
energy equalization of each arm. In addition, the basic mathematical model of MMC with redundant
SMs is developed in this paper; however, the specific fault characteristics with different numbers
of faulty SMs in each arm are not detailed enough, so the CCS control method is not considered.
For solving this problem under the energy-balancing control mode [14], the CCS control techniques
are researched in varying degrees in [15,16]. The single-phase vector control method based on virtual
rotating coordinate frames is proposed in [15]. However, it needs to extract the fundamental frequency
component of the circulating current alone, which requires a higher accuracy of the filter, and the
construction of the virtual rotating coordinate frame is complicated. In [16], the CCS control method
based on proportion-resonant (PR) controller is proposed, which attaches the fundamental resonant
controller to the traditional PR controller [17]. It can suppress the circulating current well under SM
faults; however, the performance of the whole CCS system based on the PR control mode has not
been analyzed regarding whether it can be optimized to be further studied. Moreover, a new CCS
control system consisting of a phase energy controller (PEC) and dual current controller is proposed
in [18]. It performs well under the SM fault conditions, but the structure of dual current control system
is relatively complicated. In addition, the calculation and acquisition of SM capacitor energy will
increase the burden on the control system. On the basis of the PEC, the CCS control scheme [18] is
improved in [19], where the dual current control scheme is replaced by PIR controller. This method
can simultaneously control the DC and AC components of the circulating current. However, it also
needs an extra communication system to get the knowledge of SM capacitor energy.

In this paper, the redundant SMs are equipped with hot reserve mode and only bypass the faulty
SMs when SMs malfunction. Focusing on the fault-tolerant operation issue for the MMC under SM
faults, the operation characteristics of the MMC with different numbers of faulty SMs in the arms are
analyzed and summarized. Based on the characteristics, a novel CCS fault-tolerant control strategy
comprised of a basic control unit (BCU) and a virtual resistance compensation control unit (VRCCU)
in two parts is proposed. It has three main features: (i) it can suppress the multi-different frequency
components of the circulating current under different SM fault types simultaneously; (ii) it can help
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fast limiting the transient fault current caused at the faulty SM bypassed moment; and (iii) it does not
need extra communication systems to acquire the information of the number of faulty SMs. Moreover,
the stability performance of the proposed controller is analyzed by using the Root-Locus criterion,
and the election principle of the value of virtual resistance is revealed. In addition, the simulations
in the MATLAB/SIMULINK environment and experiments with a 5-levles prototype are all studied
with the proposed controller under different fault conditions. The results confirm the efficiency of the
control strategy.

2. Basic Principles of MMC

The basic schematic diagram of MMC is shown in Figure 1a. It consists of six arms and connects
to the grid through an isolation transformer. Each phase unit is comprised of the upper arm unit and
the lower arm unit, where N identical SMs and an arm inductor Ly, in the same arm comprise an arm
unit. The resistance Ry, in each arm represents inner inductor resistance and the arm power losses; Lg
and R; are the AC-side inductor and resistance, respectively [13]. Uy is the total DC-link voltage.
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Figure 1. Basic structure of a grid-connected MMC: (a) circuit diagram of the MMC; (b) circuit diagram
of SM.

Figure 1b shows the circuit diagram of the half-bridge SM. T; and T, are the insulated-gate bipolar
transistor (IGBT) switches and C is the DC capacitor. Normally, the SM output voltage has only two
states by the switches T7 and T,. When the T is conducted and the T, is blocked, the SM is inserted,
where the SM output voltage usm equals the capacitor voltage ucap; when the T; is blocked and the T>
is conducted, the SM is bypassed, where the SM output voltage usm equals 0.
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3. Analysis of the Circulating Current Characteristic of MMC under SM Faults

3.1. Basic Matheatical Mode

During the subsequent studies of the circulating current characteristics, we assume the switches in
SMs are ideal power devices, where the dead times and switching losses are ignored. The single-phase
equivalent circuit of MMC is shown in Figure 2. By applying Kirchoff’s voltage law (KVL) to the loop
circled by the DC- and converter-sides, the basic equation of each phase can be obtained:

qu;_ui = Ujp 1)
St =

where u; is the converter-side AC voltage of phase j (j = a, b, and c). ujp, and u; are the upper arm and

the lower arm voltages of phase j, respectively, which can be expressed as:
. s o dip |

Uip = Ujp_cap™ + Lgi" +1jpR

di;
Go= g o 2 Lo g
u]1 = ull_cap L &t Z]lR

@

where L denotes the equivalent arm inductor, which can be expressed as L = Ly, + 2Ls. R denotes the
equivalent arm resistance, which can be expressed as R = Ry, + 2Rs. ijp and ijl are the upper arm and

the lower arm currents of phase j, respectively. ujp_capz and ujl_capz are the output voltage of the total

SMs in the upper arm the lower arm of phase j, respectively.

Figure 2. Single-phase equivalent circuit of the three-phase MMC.

Meanwhile, the upper arm the lower arm currents jjp, i) can be expressed as [17]:

. _ 1 . .
{ lp = 2% T fcir 3)

iy = =) + ij_cir
where jj is the converter-side AC current of phase j. ij_ is the inner unbalanced current of phase j,

which is defined the circulating current. It consists of two parts as shown in Equation (4). One part is
the AC component jj,; and the other part is the DC component Ijg.

ij cir = ljz + Lig 4)
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Combining Equations (1) and (2) with Equations (3) and (4), the relationship of circulating current
ij cir with the total SMs output voltage of the upper arm ujp_capz, the total SM output voltage of the
lower arm ujl_capz and the DC bus voltage Uy, of phase j can be obtained:

dijfcir 1

L= = _5(”1'})_661192 + hip_cap™) +

1 .
Eudc — Rij_cir ()

3.2. Mathematical Mode under SM Faults

With the hot reserve scheme “ii-b” redundant mode, the faulty SMs are only bypassed when
SMs malfunction. Though the reduced number of healthy SMs would cause the capacitor voltage be
changed in the faulty arms, the SMs in the same arm also can operate with the same capacitor voltage
with the voltage balancing control [14]. They can be expressed as:

. 1, 279
Ujp_cap = ¢ J p—dt ©)

1 . 1+de

ujl_cap - éf Zjl 2 t

where ujp cap and uj_cyp are the capacitor voltage in the upper arm and the lower arm of phase j,
respectively. S; denotes the modulation function of phase j.

Assuming the converter-side AC voltage u; and the converter-side AC current i; are purely
sinusoidal and only considering the second harmonic component in the circulating current i, in the
initial, the following equations can be obtained:

Sj = msin(wt + ¢) (7)
ljp = %I] sin(wt + 6;) + Iig + [ sin(2wt + 6;,) @®)
iin = —3]jsin(wt + 6;) + Lig + Iz sin(2wt + 6},)

where m and w are the modulation index and fundamental angle frequency, respectively. [; and [, are
the amplitude of j; and ij,, respectively. ¢j, 6;, and 0j, are the phase angle of S;, i; and jj,, respectively.
For easy to analysis, it is assumed that the number of the faulty SMs in the upper arm and in the
lower arm of phase j are 1, gy and 7j1_auit, respectively. When the faulty SMs are bypassed, the total
SMs output voltage in the upper arm ujp_capz and the lower arm ujl_capz, as shown in Figure 2, can be

expressed as:
b3 1*51'
Ujp_cap™ = (n+nm— njp_fault)”jp_cap
y l+S
Ul cap™ = —2 Hn + nm — jl_fault)ujl_cap

©)

Substituting Equations (6)—(8) into Equation (9) and summating the AC components in the ujpicapz
and ujl_capz, then the follow equations can be obtained:

Atljp cap™ = m(fl + ot fatfs)

3 . (10)
Ujl_cap”~ = m(é’l + 82+ 83+ g4)
with
f1= %de cos(wt + qoj) 8;{:) L cos(wt + 6-) gz L, cos(wt + 0, — goj)
2 . )
fr= —T—wljd sin(2wt + ¢+ 9) + 16wI sin(2wt + ¢+ 9) — 312721;[11 cos(2wt + sz) a1

2
f3 = L cos(Bwt + 295 + 6;) + 4= I, sin(3wt + ¢ + 6},)
fa = 221, cos(4wt + 2¢; + +6;,)
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81 = — 50 Lig cos(wt + @) + —8;222 L cos(wt +6;) — %Ijz cos(wt + 05, — @j)
g = —%de sin(2wt + @; + 6;) + 22 I sin(2wt + ¢; + 6;) — —31_22”}2 I, cos (2wt + 6,)
83 = — 2 L cos(3wt + 29+ 6;) — S I, sin(3wt + ¢ + 6;,)

Q1= %Ijz cos (4wt + 2¢; + +6;,)

(12)

where Aujp_(_.apZ and Aujl_capz are the AC components of the total SMs output voltage in the upper arm
and the lower arm, respectively. To facilitate the writing and expression, f1 — f4 are defined to replace
the different components in Aujp_capz and g1 — g4 are defined to represent the different components in
Aujl_capz'

Contrasting Equations (11) and (12), it can be seen that f1 = —g1; f2 = g2; f3 = —g3; f1 = ga.
Therefore, the total AC components of the total SMs output voltage in the phase j can be written as:

Aujz = (Au]'lo_capZ + Aujl_capz) =K (fl + f3) + 1 (fz + f4) (13)
with C 1 1
Kj = 7(n+”m_”jpffault - 1’l+nm_”j17fault) 14
] 2 A nAnm—Hjp_fault RA+Nm —1)_fault

where x; and y; are defined as the coefficients about the fault SM numbers in the upper arm and the
lower arm of phase j, respectively.

3.3. Summarizing of the Circulting Current Characteristic under SM Faults

Substituting Equations (13) and (14) into Equation (5), it can be observed that total AC components
AujZ of the total SMs output voltage in phase j would generate fluctuating current through the arm
inductor Ly, which is the main reason for the circulating current’s generation. Thus, the harmonic
components of the circulating current under SM faults can be indirectly analyzed by the fluctuating
voltage Aujz. Based on Equations (13) and (14), the following conclusions can be obtained:

1.  Three-phase with symmetrical fault, which means: Condition 1a, x5 = &, = & = 0; and Condition
1b, pa = pp, = pic # 0. The harmonic components of the circulating current in this fault situation
are actually the same as the normal operation situation. It only consists of even-order frequency
components, which are negative-sequence symmetrical. As the higher-order contents are very
small, the twice frequency component is the mainly. This conclusion also can explain the main
characteristics of the circulating current of MMC under the normal operation state, which is
consistent with the conclusion in [17].

2. Single-phase with symmetrical fault, which means: Condition 2a, the x, = x, = k. = 0;
and Condition 2b, pa, pp,, pc are not exactly equal (because the fault SMs cause the factor u
of the fault phase not equaling to the normal phase). In this fault situation, the harmonics of the
circulating current are also only included by even-orders restricted by the Condition 2a, and the
twice frequency component is the main part. However, owing to Condition 2b, the even-order
frequency components will no longer be negative-sequenced symmetrically.

3.  Single-phase with asymmetrical fault, which means: Condition 3a, the «;, xp,, k. are not exactly
equal to 0 (because the different number of faulty SMs in the upper arm and the lower arm cause
the factor « of the fault phase not equaling 0); and Condition 3b, ya, pp, }ic are not exactly equal.
The odd-order harmonics will appear in the circulating current besides the even-order harmonics
during this fault situation as the Condition 3a. In addition, the even-order frequency components
will also no longer be negative-sequenced symmetrically owing to the Condition 3b. Similarly,
the fundamental and twice frequency components are the main parts of the even- and odd-order
frequency components, respectively.
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4. Multi-phase with symmetrical/asymmetrical fault. As analyzed previously, the conditions about
Ka, Kb, Kc and Ha, Hp, He can be obtained in the same way at first. Then, the harmonic characteristics
of the circulating current can be concluded based on the conditions. They are basically the same
as the single-phase symmetrical /asymmetrical faults, which are not repeated here.

Concluding the analysis of the above, it can be observed that if the healthy SM numbers are
not equal in each arm after SM malfunction, the total SM output voltage’s AC components in the
upper arm Au]-pﬁmZ and the lower arm Aujl_capz will not be balanced anymore. It will induce
asymmetrical circulating current, which will be included by the odd- and even-order frequency
components. The fundamental and twice frequency components are respectively the main parts. These
changes in the circulating current would affect the performance of the MMC. Therefore, in order to
enhance the fault-tolerant ability for the MMC, the circulating current-suppressing controller, except for
the consideration of the suppression of the inherent the negative-sequence twice frequency component,
should have the ability to suppress the asymmetric twice frequency. The fundamental frequency
components may be generated by the SM faults.

4. Fault-Tolerant Control of Circulating Current Suppressing Strategy for MMC

4.1. Anysis of the Nonideal PR Control Mode

Combining the analysis in Section 3.3, it can be observed that in order to ensure the suppressing
effect for the circulating current continuously when SM faults occur, the fault-tolerant controller
should consider the suppression of the symmetrical twice frequency component, the asymmetrical
twice frequency component and the fundamental frequency component synchronously, based on the
following considerations:

1. During normal situations, a PR-based control strategy is often adopted in the traditional CCS
control method [17,20,21]. It mainly has two modes, ideal PR and non-ideal PR. However,
the ideal PR controller only tends to infinite magnitude at the resonant frequency, which will
result in its performance being greatly reduced when the grid frequency fluctuates. Therefore,
most PR controllers consider adopting a non-ideal PR control mode since it can reduce the
sensibility to the frequency deviation. The transfer function of a non-ideal PR controller can be

expressed as:
s

G(s) =kp+kt———""—"—
( ) P r52+2(«UCS+(IJ%

(15)
where kp, ke, we, and wy are the proportional gain, resonant gain, cutoff frequency, and resonant
frequency, respectively.

2. Compared to the fault-tolerant control method based on a PI controller [13], the suppressing
strategy based on a PR controller can achieve the independent control of each phase. In addition,
it can avoid the acb-dg decoupling control. This would ensure the control effect when the
three-phase alternative circulating currents appear asymmetrical. Meanwhile, it reduces the
positive-, negative-, and zero-sequence controllers, which is more concise.

3.  Furthermore, in order to achieve the suppression for the fundamental frequency component,
it only needs to introduce a fundamental frequency resonant controller into the traditional PR
control system, which can reduce the design burden of the whole control system.

It can be seen that non-ideal PR control mode shows obvious advantages in the circulating current
suppressing fault-tolerant control fields under SM faults. It can simultaneously achieve the suppression
of multi-different frequency components of the circulating current under different SM fault types and
is easy to realize.
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4.2. Fault-Tolerant Controller Design

According to the analysis in previous section, the basic control unit (BCU) based on non-ideal PR
mode of the CCS fault-tolerant controller is designed in the first step, which is used for suppressing
the fundamental frequency component, symmetrical twice frequency component, and asymmetrical
twice frequency component. As shown in Figure 3a, in the BCU, a fundamental frequency non-ideal
resonant controller, is introduced into the traditional non-ideal PR-based CCS control system [21] to
suppress the fundamental frequency component, and a filter link based on low-pass filter (LPF) is used
to extract the multi-different harmonic components of the circulating current. However, it should be
noticed that when the SM incurred faults and bypassed the arm, it would result in a transient impact
on the system. This causes a large fault circulating current and it may result in more serious failures if
it cannot be limited quickly. Therefore, accelerating the response speed of the fault-tolerant controller
at the sub-module faulting time will help fast limiting of the fault current and reduction of its harm to
the system. Figure 3b shows the equivalent closed-loop control model of BCU of the fault-tolerant
controller. From it, the closed-loop transfer function of the BCU can be obtained as:

Bis* + B2s® + B3s® + Bas + Bs

Gi(s) = 1180 + apst + ags® + ays? + ass + ag (16)
with

Br=kp
B2 = 4wckp
Bs = kn + keo + (4w? + 503 )kp (17)
By = 2we (ke + ki2) + 10wcwikp
Bs = 4wike + wiki + 4wiky

a1 =1L

ay = kp + R+4wL

a3 = 4we(kp + R) + (4w? +5w3)L as)

ag = ki1 + krp 4+ (4w? 4 5w3) (kp + R) + 10wcwiL
a5 = 2we(kyy + ko) + 10wew? (kp + R) + 4wl
e = 4wiksyy + wike + 4wé(kp +R)

where k1, ki are the resonant gain of the fundamental and twice frequency resonant controller, respectively.

Owing to the response time of the control system primarily depending on the position of the
closed-loop poles, in order to fast limit the fault circulating current we can consider improving the
performance of the controller by adjusting the nature of the closed-loop poles without affecting the
closed-loop zeros of the system. Combining Equation (16), this can be achieved through adjusting
the value of R or L in the denominator. However, in the actual event, R is often limited to a small
number for reducing the system losses, and L is also often selected with the determination of system
parameters. Therefore, in order to essentially improve the performance of the fault-tolerant controller,
it should be realized through other additional control methods.
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Figure 3. Schematic diagram of the circulating current suppressing fault-tolerant controller for the
MMC under SM faults: (a) diagram of fault-tolerant control system; (b) equivalent closed-loop control
model of the BCU; (c) equivalent closed-loop control model of the overall fault-tolerant controller.

To solve this problem, a virtual resistance compensation control unit (VRCCU) is designed and
introduced into the BCU, and finally the proposed circulating current suppressing fault-tolerant
controller for the MMC under SM faults is obtained, which is shown in Figure 3a. The VRCCU is
only composed of a proportional controller, whose proportional gain Ry is defined as the value of the
virtual resistance. In addition, the DC-link current reference value I4. can be obtained from I4." = (P
+ Qref)/ Uge, where Prof, Qpef are the active power and reactive power reference values, respectively.
In the same way, the equivalent closed-loop control model of the whole fault-tolerant controller can be
obtained as Figure 3c. From it, the closed-loop transfer function of it can be expressed as Equation (19).
By contrasting Equations (16)—(18) with Equations (19)—(21), it can be seen that f; is equal to ¢; (i =1, 2,
3, 4, 5); but a; compared to Aj, R in «; is changed to (R + Ry) in the A;. Figure 4 shows the step response
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of the closed-loop transfer function Gpg(s) by controlling Ry as a variable. It can be observed that with
the increase of Ry, the response speed of the system is accelerated.

4 3 2
G (s) = S'yls —i—;yzs +3q/3s —i—;ms + 75 (19)
)Lls + /\25 + /\35 + A4S + )\55 + )\6

with
T = kp
Y2 = dwckp
73 = ke + keo + (42 + 5w} )kp (20)

Y4 = 2w (kpy + ko) + 10wcw§kp
= 4w%kr1 + wékrz + 4w§kp

AM=L

Az = kp + (Ro + R) + 4w.L

Az = 4we(kp + Ro + R) + (4w? + 5w?)L

Ay = ke +keo + (4w? + 50?) (kp + Ro + R) + 10wew?L
As = 2we(kpy + kip) + 10wcw2(kp + Rg + R) + 4wL
A6 = 4w?ke + w?kip + 4w (kp + Ro + R)

(21)

12 T T T
1
08 | — Ro=0 -
4 — Ro =1
= 06 F .
;g: . Ro =5
—Ro=
04 P10
02 .
0 | | |
0 1 2 3 4
(t/107%s)

Figure 4. Step response of the closed-loop transfer function Ggg (s).

In addition, under the premise of the other parameters of the system being determined, the root
locus of the system with different virtual resistance Ry and different resonant gain k1, k;» can be
obtained by the control variable method, respectively, where Figure 5a shows the root locus of the
system with different Ry, Figure 5b shows the root locus of the system with different k1 and k;». From
Figure 5a, it can be seen that with the increase of Ry, the system-dominated poles gradually close in
on the imaginary axis, which indicates that the dynamic response speed of the system is accelerated.
From Figure 5b, it can be seen that when the resonant gain increases, the system-dominated poles
also gradually close in on the imaginary axis, but at the same time the stability of the system would
be worse. Based on these conclusions, it can be concluded that with the introduction of the VRCCU,
the response speed of the whole fault-tolerant controller can be accelerated by appropriately increasing
the Ry value; and then appropriately reducing the resonant gain k1, k;» to ensure the stability of the
control system.
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Figure 5. The root locus of the system: (a) Root locus with different Ry; (b) Root locus with different kq
and k.

4.3. System Control Structure

The overall control system of MMC with the fault-tolerant controller is shown in Figure 6.
The three-phase reference voltage vj* (j =a, b, ) is produced by adopting the traditional vector control
method [13]. For realizing fault-tolerant control of the MMC, the correction amount Auj, generated by
the proposed CCS fault-tolerant controller, can be added to the modulation waves for the upper and
lower arms of phase j in the opposite direction.

©
o

Vabe§ iabe

SM voltages

dg

abc

VSq v

Figure 6. Schematic diagram of the overall control system with the fault-tolerant controller.
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5. Simulation Results

To confirm the proposed fault-tolerant control strategy, the MMC system as shown in Figure 1 is
established in MATLAB/SIMULINK. The system parameters are shown in Table 1. In the simulation
model, the modulation is based on nearest level control [22], and SM capacitor voltages balancing
control is based on sorting algorithm [14].

Table 1. Main parameters of the simulation system.

Parameters Value
Ac system nominal voltage 10 kV
Ac System inductance Lg 5mH
Fundamental frequency 50 Hz
Ac system power losses Rs 0.03 2
Arm inductance Ly, 5mH
Series arm resistance Ry, 0.01 Q)
Dc bus voltage Uy, 20 kV
Number of SMs per arm N 20
Number of redundant SMs per arm #, 5
Sub-module capacitor C 2000 uF
Transformer ratio 1:1(Y/A)

5.1. Case 1

In this case, the simulation conditions are as follows: the traditional non-ideal PR-based CCS
controller is initially applied in the normal operation state; at 0.2 s, five SMs in the upper and the lower
arms of phase a are respectively bypassed.

The performance of the MMC in this case is shown in Figure 7. It can be seen that the MMC
is operating with a good performance during the normal operation state. When the SM occurring
faults are bypassed from the fault arm at 0.2 s, the capacitor voltage of the rest of the healthy SMs in
the upper arm and lower arm of phase a are increased by 33%, as shown in Figure 7a. By contrast,
the capacitor voltages in phase b and c are continuously operating with the initial value because
of no faulty SMs, as shown in Figure 7b,c. The arm current and circulating current of phase a are
shown in Figure 7d,e, respectively. It can be observed that except for a transient fault current caused
in the fault arm at SM faulting time, the circulating current can be continuously suppressed by the
traditional circulating current controller during the fault operation state. This result also can illustrate
that the twice frequency component is always the only and main component of the circulating current
under this fault case, which is consistent with the conclusions in Section 3.3. Compared to the fault
phase (phase a), the circulating currents of phases b and ¢ with no faulty SMs are affected slightly,
as shown in Figure 7f,g. In addition, the AC current and DC-link current of the system are shown in
Figure 7h,i, respectively. They all can maintain a stable output, except for a transient performance at
the faulting time.
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Figure 7. Simulation results under single-phase symmetrical fault: (a) capacitor voltage of phase a; (b)
capacitor voltage of phase b; (c) capacitor voltage of phase c; (d) arm current of phase a; (e) circulating
current of phase a; (f) circulating current of phase b; (g) circulating current of phase ¢; (h) AC current;
(i) DC-link current.

5.2. Case 2

In this case, the simulation conditions are as follows: the traditional non-ideal PR-based CCS
controller is initially applied in the normal operation state; at 0.2 s, only five SMs in the upper arm of
phase a are bypassed; at 0.6 s, the whole BCU control part is enabled.

The performance of the MMC in this case is shown in Figure 8. Similarly, the MMC is operating
with good performance during the normal operation state. When the SM incurs faults and is bypassed
from the fault arm at 0.2 s, only the upper arm capacitor voltage of phase a is increased by 33%,
as shown in Figure 8a—c. There is also a transient fault current caused in the fault arm at the faulting
time. However, unlike the single-phase asymmetrical fault case, if there is only a traditional circulating
current controller under this case, a fundamental component is additionally caused in the circulating
current of fault phase (phase a), owing to the different number of healthy SMs in the upper arm and
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the lower arm, as shown in Figure 8d,e. Furthermore, the caused fundamental component of the
circulating current in the fault phase would result in the fluctuation of the DC-link current, as shown in
Figure 8i. However, when the whole BCU part is enabled at 0.6 s, the ripple of the circulating current
and DC-link current are all eliminated immediately, as shown in Figure 8e,i. Besides, combining all the
simulation results shown in Figure 8 shows that the MMC system can still maintain stable operation

after the BCU part is adopted.
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5.3. Case 3

In this case, the simulation conditions are as follows: the traditional non-ideal PR-based CCS
controller is initially applied in the normal operation state; at 0.2 s, five SMs in the lower arm of phase
b and in the upper arm of phase a, c are respectively bypassed; at 0.6 s, the whole BCU control part
is enabled.

The performance of the MMC in this case is shown in Figure 9. The capacitor voltage of phase
a, b, and c are shown in Figure 9a-c, respectively. They are fluctuating smoothly during the normal
operation state. When the faulty SMs bypassed at 0.2 s, capacitor voltage in the faulty arms are
increased by 33%. Figure 9d,e show the circulating current in phases a, b, and c. Similarly, the transient
fault currents and fundamental frequency fluctuations are caused in every fault phase after SMs
malfunction. However, the fluctuations are all suppressed when the BCU control part is enabled at
0.6 s. In addition, the AC current and DC-link current of the system also maintain a stable output after
the BCU control part is enabled, as shown in Figure 9g,h, respectively.
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Figure 9. Simulation results under three-phase asymmetrical fault: (a) capacitor voltage of phase a;
(b) capacitor voltage of phase b; (c) capacitor voltage of phase c; (d) circulating current of phase a;
(e) circulating current of phase b; (f) circulating current of phase c; (g) AC current; (h) DC-link current.
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5.4. Case 4

Combining the simulation results in Sections 5.1-5.3 shows that the fundamental frequency
fluctuation will be caused in the circulating current if the upper arm and the lower arm are operating
asymmetrically. It will affect the stable operation of MMC system. This phenomenon is consistent
with the conclusions in Section 3.3. However, with the control of BCU, the fundamental component is
effectively suppressed and the performance of the MMC is improved. Furthermore, in order to verify
the efficiency of the VRCCU and the whole circulating current-suppressing fault-tolerant controller,
single-phase asymmetrical fault case as the example is further simulated in this section. The simulation
conditions are as follows: the fault-tolerant controller is applied in the system at 0.26 s; five SMs in the
upper arm of phase a are bypassed at 0.3 s.

The performance of the MMC in this case is shown in Figure 10. The circulating current of phase
a with different virtual resistance values are shown in Figure 10a—d, respectively, where Figure 10a
is the waveform with Ry = 0, Figure 10b is the waveform with Ry = 1, Figure 10c is the waveform
with Ry = 5, Figure 10d is the waveform with Ry = 10. It can be seen that the twice frequency
component in the circulating current during the normal operation state disappears when the circulating
current-suppressing fault-tolerant controller is enabled at 0.26 s and the circulating current can be
continuously suppressed well after SMs are faulting and bypassed at 0.3 s. In addition, by contrasting
the excessive ratio 17 (Where # is defined as # = (icirm — Zcirb)/ Icirb, icirm and iip, are the peak value of the
circulating current at the SMs faulting time and the normal operation state, respectively). Regarding
the circulating current at the SMs faulting time, it can be seen that the # keeps decreasing as Ry grows.
In particular, the transient fault current of the circulating current can be almost fully suppressed when
Rg =10. Under the virtual resistance value Ry = 10, the arm currents of the fault phase, the DC-link
current and the AC current of the system are measured and shown in Figure 10e—g, respectively. They
can all maintain a stable output, and the transient fault current in the DC-link current is also effectively
suppressed with the fault-tolerant controller.
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Figure 10. Simulation results about the virtual resistance compensation control: (a) circulating current

of phase a under Rg = 0; (b) circulating current of phase a under Ry = 1; (c) circulating current of phase
a under Ry = 5; (d) circulating current of phase a under Ry = 10; (e) arm current of phase a; (f) DC-link

current; (g) AC current.

6. Experiments

To verify the proposed fault-tolerant control strategy, a MMC prototype as shown in Figure 1
is built. Figure 11 shows the photograph of the prototype. The Mitsubishi PS21765 is used as
the switch/diode in each SM, the core unit of the control system is the digital signal processor
(DSP) chip 28335, and the pulse signals from the DSP are transferred to each SM by the optical fiber.
In addition, the DC bus voltage is provided by the programmable source Chorma61511. The main

circuit parameters of the experiment system are shown in Table 2.

Table 2. Main parameters of the experiment system.

Parameters Value
Dc bus voltage Uy, 240V
Ac System inductance Lg 5mH
Fundamental frequency 50 Hz
Arm inductance Ly, 5mH
Number of SMs per arm N 4
Number of redundant SMs per arm #y, 1
Sub-module capacitor C 2000 uF

Transformer ratio

1:1 (Y/A)
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Figure 11. Photograph of the MMC prototype: (a) front side of the prototype; (b) rear side of
the prototype.

6.1. Case 1

In the course of the experiment, single-phase asymmetric fault is taken as an example.
The experimental conditions are as follows: the traditional non-ideal PR-based CCS controller is
initially applied in the normal operation state; at time fy, SMy4 in the upper arm of phase a is bypassed;
and the whole BCU control part is enabled at time #;.

The performance of the MMC in this case is shown in Figure 12. It can be seen that the MMC is
operating with a good performance before the SM faulting at fy moment. When the SMy occurring
faults and bypassed at ty moment, the upper arm capacitor voltage of phase a is increased by 33%
(from 60 V to 80 V), as shown in Figure 12e. The arm and circulating currents (the M-channel of the
oscilloscope measures the sum of the upper and lower arm currents, then can obtain the twice value of
the circulating current) of the fault phase (phase a) and the normal phase (take phase b as an example)
are shown in Figure 12a—d, respectively. A transient fault current is caused in the fault arm at the
faulting time, and a fundamental frequency fluctuation is additional caused in the circulating current
of fault phase, as shown in Figure 12a. However, the arm and circulating current in the normal phase
are affected slightly, as shown in Figure 12b. Furthermore, the caused fundamental component of
the circulating current in the fault phase would result in the fluctuation of DC-link current, as shown
in Figure 12f. However, when the whole BCU control part is enabled at {; moment, the ripple of
the circulating current and DC-link current are all eliminated immediately, as shown in Figure 12b,g.
Besides, it can be seen that the MMC system still maintains stable operation after the BCU control part
is enabled.



Energies 2017, 10, 1827 19 of 22

- (21, o o

vy V
SM faulting time ( fo )K( !

Time (40ms/div) Time (40ms/div)
(@ (c

& 2ia_cir iap

Current in phase A (3A/div)
Current in phase B (3A/div)

SM faulting time ( £ )

)]
jo 2ih_cir| ibp

Vi

ol( )\:
Time (40ms/div)
(b) (€:D]

VUVY
With contr

Current in phase A (3A/div)
Current in phase B (3A/div)

SM: in the upper arm

safasa

o

. faultSM

A G

1 SM:sSMi in the lower arm

Capacitor voltage (20V/div)

Time (200ms/div)

Ac current
(5A/div)

SM faulting time ( f;), .

Dec-link current
(3A/div)

st W&w‘ww%w«é

48

Time (40ms/div)

®
:

Ac current
(5A/div)

With control ( 1 )\

L A s
n b

(3A/div)

Dc-link current

(g) Time (40ms/div)
Figure 12. Experiment results about the basic unit control: (a) arm and circulating current of phase a
under faults; (b) arm and circulating current of phase a with control; (c) arm and circulating current of
phase b under faults; (d) arm and circulating current of phase b with control; (e) capacitor voltage of
phase a; (f) AC and DC-link current under faults; (g) AC and DC-link current with control.

6.2. Case 2

From Section 6.1, it can be seen that the performance of the MMC with the BCU under prototype
environment is basically consistent with the simulation results. Similarly, in order to confirm the
efficiency of the VRCCU and the whole circulating current-suppressing fault-tolerant controller under
the prototype environment, the single-phase asymmetric fault as an example is further analyzed in
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this section. The experimental conditions are as follows: the fault-tolerant controller is applied in the
system at time ¢; and SMy in the upper arm of phase a is bypassed at time 3.

The performance of the MMC in this case is shown in Figure 13. The arm operation states of
the fault phase with virtual resistance value Ry = 0, Rg = 5 and Ry = 10 are shown in Figure 13a-c,
respectively. It can be seen that the twice frequency component in the circulating current during the
normal operation state disappears when the circulating current-suppressing fault-tolerant controller is
enabled at , moment and the circulating current can be continuously suppressed well after the SMy is
faulting and bypassed at t3 moment. In the same way, calculating the excessive ratio 7 under different
virtual resistance value, the results are shown in Table 3. The 1 keeps decreasing as Ry grows, and
the transient fault current of the circulating current is almost reduced by 119 percent when Ry = 10
compared to when Ry = 0. In addition, the AC and DC-link current of the system are measured and
shown in Figure 13d. They can all maintain a stable output, and the transient fault current in the
DC-link current is also effectively suppressed with the fault-tolerant controller.
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Figure 13. Experiment results about the virtual resistance compensation control: (a) arm operating
state of phase a under R = 0; (b) arm operating state of phase a under R = 5; (¢) arm operating state of
phase a under Ry = 10; (d) AC and DC-link current.
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Table 3. Calculating results of the excessive ratio 7.

The value of virtual
resistance Ry
Twice peak value of the
circulating current at f3 11.40 A 7.88 A 6.17 A
moment 2icjrm
Excessive ratio of the
circulating current 7

Ro=0 Ry=5 Ry =10

1.59 0.79 0.40

According to the simulation and experiment results, it can be seen that this proposed fault-tolerant
controller could effectively solve the problems generated by SM faults in the arm.

7. Conclusions

The fault-tolerant operation issue of MMC under SM faults is studied in this paper. The main
works and contributions can be summarized as:

(1) The operation characteristics of the MMC with different number of faulty SMs in arms are
analyzed and summarized. It reveals that unequal faulty SM numbers in each arm will generate
asymmetrical circulating current included by the odd- and even-order frequency components,
and its fluctuation mainly consists of fundamental and twice frequency components.

(2) A novel CCS fault-tolerant control strategy comprised by BCU and VRCCU in two parts is
proposed. It can suppress the multi-different frequency components of the circulating current
under different SM fault types simultaneously; and can help fast-limiting of the transient
fault current caused at the faulty SM bypassed moment. Moreover, it does not need extra
communication systems to acquire the information of the number of faulty SMs.

(3)  The stability performance of the proposed controller is analyzed by using the Root-Locus criterion.
It reveals that the response speed of the whole fault-tolerant controller can be accelerated by
appropriately increasing the Ry value, and then appropriately reducing the resonant gain to
ensure the stability of the control system.

(4) The simulations in the MATLAB/SIMULINK environment and experiments with a 5-level
prototype are all studied with the proposed controller under different fault conditions. The results
confirm the efficiency of the control strategy.
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