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Abstract In this paper, a fault-tolerant control method
for an input-series output-parallel modular grid-tied pulse-
width modulation (PWM) current source inverter is propo-
sed to address the most commonly seen single symmetrical
gate-commutated thyristor (SGCT) open-circuit fault
problems. This method actively offsets the neutral point of
the current space vector to ensure a sinusoidal output of
the grid current, and it can achieve the upper limit power
of the inverter under the condition of a single SGCT open-
circuit fault. In addition, an active damping control method
based on grid harmonic current feedback is proposed after
analyzing the influence of the transformer ferromagnetic
resonance caused by the neutral point offset on the power
quality of the grid current. It has been demonstrated that
the proposed method effectively suppresses the resonance
caused by the transformer and the modified modulation,
improving the grid current’s power quality.

fault-
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Keywords current source converter (CSC),
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1 Introduction

As a large amount of renewable energy, such as wind and
solar power, is widely applied in power generation, grid-
tied inverter technology in power electronics has
developed rapidly [1-3]. PWM current source inverters
provide the advantages of simple structure and control,
good short-circuit characteristics, and high output
waveform quality; therefore, they have received
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increasing attention in new distributed generation
systems, energy storage systems, power flow control
[4-6]. With the increase in voltage and power levels, a
single inverter cannot meet the requirements of system
power capacity; therefore, research has been conducted
on the modular current source inverter (CSI) and its
control method [7,8].

Compared to a single CSI, a modular CSI has more
power switches and thus has more potential for faults.
The fault of the switches will not only cause serious
distortion of the grid current waveform but also adversely
affect the grid’s stability. Generally, the fault of switches
can be divided into short-circuit fault and open-circuit
fault [9]. In fact, open-circuit faults caused by the damage
of the power switch itself and the loss of trigger pulses
are more commonly observed. Therefore, it is of great
theoretical and practical significance to study the open-
circuit fault-tolerant control of modular CSI and ensure
its upper limit power output under fault conditions.

A large number of open-circuit fault diagnosis and
tolerant control methods have been proposed [10-15], but
they primarily focus on voltage source converters
(VSCs), such as cascaded H-bridges and T-type three-
level inverters. In Ref. [10], a cascaded H-bridge
converter with redundant modules was proposed, and the
faulty module could be bypassed online using a switch.
In Ref. [11], the fundamental output voltage of the
cascaded H-bridge was controlled by looking up the
offline table for the amplitude and phase angle, while the
third and fifth harmonics were eliminated using specific
harmonic elimination methods. In Ref. [12], the average
line voltage deviation on the inverter side was compared
with the threshold value during a sampling period to
accurately diagnose IGBT (Insulated Gate Bibolar
Transistor) open-circuit faults in T-type three-level
inverters without adding additional hardware circuits.

Although fault-tolerant control methods for VSCs have
been relatively mature, research on current source conver-
ters (CSCs) has primarily focused on optimizing modu-
lation methods, power distribution, and common-mode
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voltage suppression [2—8]. There are still few studies on
fault-tolerant control of CSC. Guo et al. [13] diagnosed
short-circuit faults of a single or double SGCT
(Symmetrical Gate-Commutated Thyristor) in CSC by
calculating the average values of the feedback output
currents and comparing them to the average absolute
values of the current reference signals in one power
frequency cycle, which can be simply implemented
without additional sensors and other auxiliary detection
devices. Fard et al. [14] diagnosed the open-circuit fault
of current-source inverters in motor drives by the
difference between the expected DC current from the
PWM signals and the actual DC current and used the
redundant branch to replace the faulty one. In Ref. [15],
when the five-phase current-source inverter has a broken-
line fault, the instantaneous active power fluctuation is
reduced by reasonably setting the positive, negative, and
pseudo-zero-sequence components of the line current and
compensating the current offset of the LC filter, thereby
improving the active power transmission capability of the
inverter under broken-line faults.

Aiming at the single symmetrical gate-commutated
thyristor (SGCT) open-circuit fault of input-series output-
parallel modular grid-tied PWM CSI, this paper proposes
a fault tolerant control method, which ensures the upper
limit power by actively offsetting the neutral point of the
reference current vector. Furthermore, based on the
analysis of the influence of the transformer ferromagnetic
resonance on the grid current, an active damping control
method based on the grid harmonic current feedback is
proposed to suppress the ferromagnetic resonance and
improve the power quality of the grid current.

2 Fault-tolerant modulation of input-series
output-parallel CSC

A typical input-series output-parallel modular CSI
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Fig. 1 Configuration of input-series output-parallel modular
CSIL

three-phase full-bridge modules composed of SGCT.
Two modules are connected in series on the DC side,
while on the AC side, they are connected in parallel
through their respective LC filter and a Yy-Type three-
winding transformer and then connected to the grid. The
DC link current is iy and behaves as a current source. The
upper and lower DC rail inductors of CSC1 are L, and L,
respectively, the output PWM current of CSC1 is i,,, and
the capacitor and inductor of LC filter 1 are respectively
C,, and L,,. The capacitor current is i, and the inductor
current is i,. In contrast, the upper and lower DC rail
inductors of CSC2 are L; and L, respectively, the output
PWM current is i,,, and the capacitor and inductor of LC
filter 2 are respectively C, and L,,. The capacitor current
is iy, and the inductor current is i,. The leakage
inductors of the transformer windings connected to the
two LC filters are L, and L, respectively, and the
leakage inductor of the windings connected to the grid is
L,. The three-phase grid voltage is u, and the grid current
is i,. The transformer is mainly used to isolate the DC
component of the output PWM current, which is
explained in detail later. In addition, it can connect two
inverters in parallel on the grid side and isolate the
inverter from the grid to effectively reduce the common-
mode voltage of the system.

According to the switching constraints of the CSC,
only two switches are turned on at any time for each
bridge, one in the upper and the other in the lower.
Therefore, there are 81 switching states for the above
input-series output-parallel CSC, and all the switching
states can be divided into 19 PWM current vectors
(I, —I;5) according to the level of the total three-phase
output PWM current (the sum of the CSC1 and CSC2
output PWM currents, which is i, ti,,). The
corresponding three-phase total-output PWM current
levels and switching states are listed in Table 1. In the
table, the number of arrays represents the number of
switches being turned on. For instance, the switching
state (16:16) indicates that switches S1 and S6 of CSCl1
and switches S1 and S6 of CSC2 are turned on.

Figure 2(a) shows the space vector diagram of the
modular CSI under normal operating conditions. The
three-phase instantaneous output PWM current is
represented by a rotating reference current vector, [ .,
and the grid current can be controlled by adjusting 1 .
All the current vectors in Table 1 can be utilized to
synthesize 1. based on the ampere-second balance
principle, and 7ref is generally synthesized by three
nearby vectors.

When the modular CSI has a single SGCT open-circuit
fault, for instance, S1 in CSC1, 4-phase output current of
CSC1 cannot output the I, level owing to the S1 open-
circuit fault; therefore, some switching states cannot be
utilized to synthesize 1. All current vectors and
switching states that cannot be utilized are marked in red



230

font in Table 1. It can be seen that I,,1,, and I; are not
available, and I;,I,,1;5—1I;5, and [, also lose some
switching states, as shown in Table 1.

The current space vector diagram for the S1 open-
circuit fault condition is shown in Fig. 2(b). After the loss
of I,,I,, and I, the reference current vector can only
operate in the purple area in Fig. 2(b). If the neutral point
of the reference current vector is actively offset from

Table 1 Current vectors and their corresponding total output current
and switching states

Current vector  Total output PWM Switching state
current (i\\'a Iwb ix\'c)

I (2-20)*ig 16:16

b (20-2) *i4 12:12

I (02-2) *i4 32:32

1y (-220) *i4 34:34

Is (—202) *i4 54:54

I (0-22)*i4 56:56

I; 2-1-1)*i4 16:12 12:16

Iy (11-2)%*i4 12:32 32:12

Iy (-12-1)*iy4 32:34 34:32

n (211) %4 34:54 54:34

I (-1-12)*iy4 54:56 56:54

I (1-21)*iy4 56:16 16:56

I3 (1-10) *iy 16:14 14:16 16:36 36:16 56:12
12:56 52:16 16:52

i (10-1) *i4 12:14 14:12 12:52 52:12 36:12
12:36 32:16 16:32

s (0 1-1)*i4 32:36 36:32 32:52 52:32 34:12
12:34 32:14 14:32

L (-1 10) *iy 34:36 36:34 14:34 34:14 54:32
32:54 52:34 34:52

L7 (-101)*iy4 54:14 14:54 54:52 52:54 54:36
36:54 56:34 34:56

L (0-11)*i4 56:52 52:56 56:36 36:56 54:16
16:54 56:14 14:56

Iy (000) *ig 14:14 36:36 52:52 14:36 14:52

36:52 36:14 52:14 52:36 16:34
12:54 32:56 34:16 54:12 56:32

Sector 11

l’rl 0
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point O to point O' and the reference current vector
operates within the circle in Fig. 2(b), the grid current can
still be controlled as a sinusoidal output. In addition, the
output power can, be maximized under an S1 open—grcuit
fault condition. 7 . is the active offset vector and [ . is
the current reference vector with the O poig;t as the
center of the circle trace after the active offset. 7, is the
current reference vector synthesized during the
modulation and still centers at the O point. The three
current vectors above satisfy:

- -

%
Iref = Iref/ + Ioff’ (1)
where the active offset vector _I>(,ff i8:
3 .
e T\/_Ide"". )

Therefore, the normal modulation mode can be
switched to the fault-tolerant modulation mode by
actively offsetting the negtral point zgld superimposing
the offset vector I .4 on I,,. When I, rotates on the
circle in Fig. 2(b), the output PWM current of the
modular CSI under a single-SGCT open-circuit fault
condition is maximized, and the transmission power has
an upper limit. At the same time, the modulation factor
(my) is 0.65, which is much larger than that when the
faulty module is directly shut down. Notably, the marked
operating circle in Fig. 2(b) is the inscribed circle of the
purple area, which represents the power transmission
limit of the system under the condition of a single SGCT
open-circuit fault. If the transmission power continues to
increase, the operating circle will exceed the purple area,
the output PWM current waveform will be distorted, and
the desired power will not be output. Therefore, the fault-
tolerant control method proposed in this study effectively
improves the power transmission capability of the
modular CSI and ensures the upper limit power output
under open-fault conditions.
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Fig. 2 Current space vector diagram for different modulation modes.

(a) Current space vector diagram for normal operation modulation; (b) current space vector diagram for fault tolerant modulation,
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It should be noted that the active offset vector 70ﬁ
introduces a DC component into the three-phase output
PWM current. However, its DC component cannot
generate an alternating magnetic field in the transformer
and, therefore, will not be transformed to the grid side.
When other switches in the modular CSI have an open-
circuit fault, the proposed fault-tolerant gethod can also
be used; only the active offset vector [, is different.
Table 2 lists the expression of 7oﬁ for all switches in the
case of a single SGCT open-circuit fault.

3 Resonance analysis and control strategy

When a large DC current flows through the transformer,
the core of the transformer transitions to the saturation
region. However, capacitive components in the system
are highly prone to ferromagnetic resonance with the
nonlinear equivalent inductor of the transformer [16].
Ferromagnetic resonance not only distorts the grid
current but also seriously endangers the stability of
system operation [17]. Generally, ferromagnetic
resonance is caused by fifth, seventh, or other low-order
harmonics. Owing to the complex electromagnetic
process involved in transformer ferromagnetic resonance,
this study utilizes a harmonic current source to simply
represent the effect of ferromagnetic resonance on the
system instead of describing its process in detail.
Considering ferromagnetic resonance, the single-phase
equivalent circuit of the system is shown in Fig. 3(a),
where R, and R, are the internal resistances of the
inductor. The Yy-Type three-winding transformer is
represented by an ideal transformer and the correspon-
ding winding leakage inductor, whereas a controlled
current source represents the ferromagnetic resonance
ir. The output currents of the two CSCs are first filtered by

Table 2 Expression of _I)off for all switches in the case of a single
SGCT open-circuit fault

—

Faulty switch T off
CsCl 1 N
S2 V3 /414e7i@/3m
s3 V3/41e-i1/3
S4 V3/414
S5 V3 /414ei1/3m
S6 V3 /41,ei2/3m
cscz S1 V3/4lze i
52 V3/4lgei2m)
S3 \@/4Ide’j(l/3")
S4 V3 /4rmly
ss V3 /41yl
S6 \3/414ei?/3m

the LC filters and then added in parallel to obtain i,
which superimposes the harmonic current i, and flows
into the grid; thus, a grid current with large harmonic
content is generated. Moreover, the content of the fifth
and seventh harmonics in the output current increases
under fault conditions owing to the decreaseof m,, which
also affects the power quality of the grid current.

For further analysis, the equivalent circuit of the system
is first simplified. Assuming that the two LC filters have
the same parameters and the transformer windings
connected to the LC filters also have exactly the same
leakage inductor, that is, C;;=Cy,, Ly=Ly, R,=Ry,, and L,=
L. Ignoring the transformer’s voltage transformation
function, the equivalent circuit shown in Fig. 3(a) can be
simplified to the equivalent circuit in Fig. 3(b), where

iw = iwl + iw29

1 1
Ls = i(LSI +Lg1) = E(LSQ +Lg2)’

] 1 3)
Rs = ERSI = ERSZ’
Cs = 2C51 = 2C52-

Two CSlIs that first pass through their respective LC
filters and then connect in parallel are completely
equivalent to those first connected in parallel and then
passing through a common LC filter.

To suppress LC resonance in CSC, the capacitor
voltage or inductor voltage is generally used as the inner-
loop feedback, which is equivalent to a virtual resistance
connected in parallel to the capacitor or inductor [18].
However, this method cannot be used to suppress the
ferromagnetic resonance of transformers. An active

1Ferromagnetic
| resonance

(a)

Ferromagnetic resonance

(b)

Fig.3 Single-phase equivalent circuit considering transformer
ferromagnetic resonance.

(a) Single-phase equivalent circuit; (b) simplified single-phase
equivalent circuit.
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damping method based on grid harmonic current
feedback is proposed in this paper, and the system control
block diagram combined with the proposed fault-tolerant
modulation strategy is shown in Fig. 4.

First, the three-phase grid current i, is transformed
from the three-phase stationary frame to the aff frame to
obtain i,, and iy. Subsequently, i,, and i, are compared
with the reference currents 7, and i, and the difference
is used as the input of the PR controller to control the
fundamental current. Feedforward control is implemented
from the reference current to the modulation input to
improve the system’s dynamic response. Therefore, the
fundamental current modulation inputs i, .r and i . are
produced by

2k.w,s
$2 42w, 8 + wy?

), “4)

), )

where k, and k, are the proportional and resonant gains of
the PR controller, respectively, w, is the bandpass
frequency of the resonant controller, «, is the
fundamental angular frequency.

Second, the grid current i is filtered by a high-pass
filter with a cutoff frequency w,:

iaﬁrefl = i;a + (i;n - iga) : (kp +

2k.w.s

oot = Iyt (lgﬁ i) (kp * 2+ 20,8 + w,?

i s

— ;0B
Iowpr =1

g

(6)

Multiplying i, by the feedback coefficient k, we
obtain the damping current i, which is also the

harmonic current modulation input i, e and i rep.

s+,
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Then, two modulation inputs are added to obtain the
final reference currents i, .+ and is .+ and transformed
from the of frame back to the three_—)phase stationary
frame to produce the reference current / .., which can be
utilized for space vector modulation (SVM) according to
the modulation mode. When the _system is in normal
operation, the reference current [ .. can be directly
utilized for modulation. When the system has a single
SGCT (Een—c_ifcuit fault, 7. is added to the reference
current I ... I .4 can be obtained from Table 2 based on
the faulty switch.

Finally, the current vector is selected to generate the
corresponding gate signal based on the ampere-second
balance principle, which controls the turn-on and turn-off
of CSI power switches.

Figure 5 shows the transfer function diagram of the
system after introducing active damping control.
Transformer ferromagnetic resonance is represented by a
seventh harmonic current source, and its equivalent
transfer function Gy, can be expressed as

2k S

(7

Th e
2+ 20 S + @}

where k,, w,, and o, are the harmonic gain, harmonic
angular frequency, and bandpass frequency, respectively.
The active damping loop gain G, (s) is expressed as
follows:

ks
= . 8
stw. S+o. ®)

The other transfer functions are expressed according to
the equivalent circuit shown in Fig. 3(b) as follows:

N
Gap(s) =k-

Three-phase
three winding transformer

Fundamental

current control
I

e

2kms

§*+2m s+,

i -
s+,

Control diagram Active damping control

af-abc

w
-
=

i
I
I
p
I Ik
| BRIPK
; E?}‘E' Fault tolerant |
! N modulation

|
_____________ ]

Fig. 4 Fault tolerant and active damping control diagram for input-series output-parallel CSI.
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G‘:_\[-“) G‘I ~(5)

G, JA9)

Active damping

Fig. 5 Transfer function diagram after introducing active damping control.

1
Gei () = C_Ss’
G, (s) = L,s, 9)
G, (s) = ——.
L= TR

Therefore, the
expressed as

. Gr(1+GGL) .
lg = Iy
M
where

M = 1+(GLg+GCs)GLs+GCsGLs (Gpr —Gap) .- (11)

To analyze the suppression effect of the proposed
active damping control method on the ferromagnetic
resonance and LC filter resonance, the closed-loop Bode
diagram of the system with different feedback coeffi-
cients k is plotted, as shown in Figs. 6-8. Figure 6 shows
the closed-loop Bode diagram of the transfer function i./i,
when k£ increases from 0 to 0.2. When active damping
control is not introduced, a large resonance peak appears
at approximately 350 Hz, which is close to the
ferromagnetic resonance frequency of the transformer. As
the feedback coefficient & increased, the ferromagnetic
resonance peak gradually decreased, and the
ferromagnetic resonance was effectively suppressed.
When £ is sufficiently large, the ferromagnetic resonance
peak decreases significantly, and the active damping
effect is highly effective.

Closed-loop Bode diagrams of the transfer functions
i,/iy and i,/u, are shown in Fig. 7 and Fig. 8, respectively.
When k£ = 0, a resonance peak appears at approximately
350 Hz. With an increase in k, the resonant peak of the
system gradually decreased, the resonant peak frequency
decreased slightly, and the system had a larger bandpass
frequency. However, when k& is sufficiently large, it
causes a large phase shift between the fundamental and
resonant frequencies.

Therefore, the active damping control method proposed
in this study has a positive damping effect on the
ferromagnetic resonance of the transformer. 0.1 is chosen

system transfer function can be

GG (1+Gpr) i Gy,
M ¢ M

us, (10)
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Fig. 6 Closed-loop bode diagram of transfer function iy/iy
with different &.

40

W0 k=0

i L'/ k=0.02
_ |

20 4 k=0.05

0F

k=0.2
10}

20
—40
—~180F

Magnitude/dB

=225t

=270+ {

360 m————— 3
10! 10° 10° 10*
Frequency/Hz

Phase/(® )

Fig. 7 Closed-loop bode diagram i,/iy with different £.

as the feedback coefficient £ in this study to have a
significant damping effect.
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Fig. 8 Closed-loop bode diagram iy/u, with different k.

4 Simulation results

A simulation model was built for simulation verification
in MATLAB/Simulink to verify the effectiveness of the
proposed fault-tolerant modulation and active damping
method. The key simulation parameters are listed in
Table 3. The modular CSC transmits a constant active
power of 48 kW and operates with a unit power factor
under healthy operating conditions. In the case of a single
SGCT open-circuit fault, the transmitted active power
must be reduced; however, the unit power factor is still
maintained. The ferromagnetic resonance was simulated
using a harmonic-controlled current source.

The simulation is divided into four stages to verify the
proposed fault-tolerant modulation and active damping
methods. A brief description of these four stages is given
in Table 4, and the full-stage simulation results are shown
in Fig. 9.

Stage 1: 0.16-0.2 s, the system operates healthy
without any fault. The grid current is approximately 70 A,
of great quality, and in the same phase angle as the grid
voltage, and the total harmonic distortion (THD) is only
2.08%. The total three-phase output current was a
symmetrical five-level PWM current.

Stage 2: 0.2-0.26 s, the system operates under a single
SGCT open-circuit fault condition, but fault-tolerant
control is not enabled. The grid current of the faulty
phase (phase A4) is seriously distorted with a THD of
23.08%, and the upper peak is cut off, whereas the grid
currents of the non-faulty phases (phases B and C) also
have a certain degree of distortion. The total output
current of the faulty phase (phase A4) changes into four
asymmetric levels, whereas the total output current of the
non-faulty phases (phases B and C) has more levels. It
should be noted that when a single SGCT open-circuit

Table 3 Key parameters of the simulated system

Circuit parameters Values
Line grid voltage 380 V/50 Hz
DC link current 50 A
Filter inductor (Ls;, Ls) 3.4 mH
Filter capacitor (Cj, Cs2) 50 uF
Leakage inductor on inverter side (Lg1, Lg2) 0.4 mH
Leakage inductor on grid side (Lg) 0.4 mH
Transformer ratio 1:1
Control parameters Values
Switching frequency 4.5 kHz
Proportional gain kp kp =0.5
Resonance gain k; ke =50
Feedback coefficient k k=0.1

Table 4 Description of different stages of the CSC

System stage Faulty Fault-tolerant modulation Active damping control

Stage 1 No No No
Stage 2 Yes No No
Stage 3 Yes Yes No
Stage 4 Yes Yes Yes

fault occurs without any fault-tolerant control, the
switching constraints of the CSC will not be satisfied;
therefore, it is not allowed to operate in this case in
practice.

Stage 3: 0.26-0.32 s, The system switches to fault-
tolerant modulation without an active damping control.
The introduction of an active offset vector restored the
grid current of the faulty phase (phase 4) to a sinusoidal
waveform. However, the ferromagnetic resonance of the
transformer and the decrease in m, cause an increase in
the harmonic content of the grid current, and the THD of
the faulty phase grid current reaches 28.86%. In addition,
the active offset vector makes all three phases of the total
output current asymmetric.

Stage 4: 0.32-0.38 s, Active damping control is
introduced. The resonance was quickly damped, and the
grid current entered a new steady state after
approximately 30 ms. At this time, the THD of the A-
phase grid current decreases to 3.82%. The grid current
was only 58 A, owing to the reduced power after the
fault-tolerant control. At the same time, the decrease in
m, results in more fifth and seventh harmonics in the
output current [19]; therefore, the quality of the grid
current waveform decreases slightly compared to that
under normal operation.

To further verify the effectiveness of the proposed
method, we carried out hardware-in-the-loop simulations,
and the detailed circuit and control parameters in the
hardware-in-the-loop simulation are listed in Table 5.
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Fig. 9 Simulated results for the system from healthy operation to fault-tolerant operation.

(a) Three-phase grid voltage; (b) three-phase grid current; (c) total output PWM current of phase 4 (faulty phase); (d) total output PWM
current of phase B (non-faulty phase); (e) total output PWM current of phase C (non-faulty phase); (f) FFT results of A-phase grid current.

The steady state of performance using the proposed
method in the case of both healthy operations without any
fault and fault operation with a single IGCT open circuit
is shown in Fig. 10. It can be observed that the grid
current has high quality with a low THD of 2.54%, and
the three-phase PWM output current is a symmetrical

five-level waveform in the case of a healthy operation. In
the case of faulty operation with a single IGCT open-
circuit, the amplitude of the grid current decreased from
29 to 23 A due to the limited power transmission capacity
of the CSC. Simultaneously, the THD of the grid current
decreased slightly to 4.28%. It is evident that although
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the output current has only an asymmetrical four-level,
the proposed method could still realize the sinusoidal
output of the grid current and ensure waveform quality
under the single IGCT fault condition.

The dynamic response of CSC during the control
method switches is shown in Fig. 11. The proposed
method has been verified via a total of three stages, in
which at stage 1, the CSC operates without any faults;
stage 2 switches to the proposed fault-tolerant modulation
method without adding active damping control, whereas,
at stage 3, the fault-tolerant modulation method is
maintained and active damping control is added.

In stage 1, the grid current is sinusoidal because no
faults occur. In stage 2, CSC switches to fault-tolerant
modulation without active damping control. Although the
neutral point of the current space vector is actively offset
to maintain a sinusoidal output, the ferromagnetic

Table 5 Key parameters in hardware-in-the-loop simulation

Circuit parameters Values
Line grid voltage 100 V/50 Hz
DC link current 25 A
Filter inductor (Lg, Lgy) 2 mH
Filter capacitor (Cs1, Cs2) 50 uF
Leakage inductor on inverter side (Lg1, Lg2) 40 pH
Leakage inductor on grid side (L) 4 uH
Transformer ratio 1:1
Control parameters Values
Switching frequency 5kHz
Proportional gain k, kp =0.1
Resonance gain k; ke =20
Feedback coefficient k k=0.1

[Healthy opcration witlloul any leult]

Front. Energy 2023, 17(2): 228-238

resonance of the transformer causes severe distortion of
the three-phase grid current with a THD of 67.2%. This is
because the effect of the transformer ferromagnetic
resonance was intentionally increased in the hardware-in-
the-loop simulation. In stage 3, with the introduction of
active damping control, the ferromagnetic resonance of
the transformer is gradually suppressed, and the transient
process is only 40 ms. Due to the power transmission
capacity limitation and the modulation factor m,
reduction, both the amplitude and quality of the grid
current decrease.

The dynamic performance of the proposed method in
the case of grid voltage dips is shown in Fig. 12. When
the grid voltage drops by 0.2 pu, the grid current is
slightly distorted in the transient process, but the system
enters a new steady state after only 25 ms. It should be
noted that when the CSC operates using the proposed
fault-tolerant control method under the single IGCT
open-circuit fault condition, the modulation factor of the
CSC is already close to the maximum value; therefore,
the grid current will not increase, and the transmission
power will be further reduced.

5 Conclusions

This study proposes a fault-tolerant control method for
input-series output-parallel modular CSCs with a single
SGCT open-circuit fault, which achieves a sinusoidal
output of the grid current under fault conditions by
actively offsetting the output current space vector neutral
point. In addition, to suppress the transformer
ferromagnetic resonance, an active damping control
method with grid harmonic current feedback was
proposed to ensure the quality of the grid current.

[Fault opcrﬂtiun with a singlc IGCT open -circuit]
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Fig. 10 CSC steady state performance using the proposed method under the case of (a) healthy operation without any fault and (b) fault

operation with a single IGCT open-circuit.
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Fig. 12 CSC dynamic performance using the proposed

method under the case of grid voltage dips.

However, it should be noted that the proposed method
can only be applied to two CSC modules with input-
series and output-parallel topologies, and the system’s
scalability is limited to a certain extent. Therefore, it is
necessary to further research the fault-tolerant control of
multiple CSC modules with input-series, output-parallel,
and other topologies and to propose a general fault-
tolerant control method applied to various modular CSC
topologies.

Notations

SGCT Symmetrical gate-commutated thyristor

CSC

CSI

\Ne

CSCl1, CSC2

iq

Ly, Ly, L3, and Ly
iwls w2

Csl; le, CsZ, LSZ

ic1, ic2

isla isZ

Lg, Lgy, Lg
ug, iy

RSls RSZ
S1-S6
lo-1s

Ioff

I, ref’

1, ref

iw, Ls, Co, Rs

l’gm igﬂ

ok Lk
Lgasl gp

iaﬁreﬂ 5 iﬁirefl
l'(liref‘Z, iﬁiref‘z

kip, ke, wr, and wo
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Current source converter

Current source inverter

Voltage source converter

Signle current source converter module

DC link current

Upper and lower DC rail inductors of CSC1 and CSC2
PWM output current of CSC1 and CSC2

The capacitor and inductor of the LC filter 1 and LC

filter 2

Capacitor current of the LC filter 1 and LC filter 2
Inductor current of the LC filter 1 and LC filter 2

The leakage inductors of the transformer windings
Three-phase grid voltage and grid current

The internal resistance of the inductor L and Ly,

SGCT of CSC1 or CSC2

PWM current vectors

Active offset vector

The current reference vector with the O' point as the
center of the circle trace after the active offset

The current reference vector actually synthesized during
the modulation
Modulation factor
currents transformer

Harmonic generated by

ferromagnetic resonance

The equivalent parameters in the equivalent circuit
a-axis, and B-axis components of iy in the o reference
frame

a-axis, and B-axis components of reference grid current.
a-axis, and p-axis components of the fundamental
current modulation input

a-axis, and B-axis components of the harmonic current

modulation inputs

The proportional gain, resonant gain, bandpass

frequency, and fundamental angular frequency,

respectively, of the PR controller
Cutoff frequency of the high-pass filter

We

k Feedback coefficient

ke, Wh,y Weut Harmonic gain, harmonic angular frequency, and
bandpass frequency of the equivalent transfer function
of the transformer ferromagnetic resonance

iy npr Grid current after a high-pass filter

1By Damping current
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