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Model Predictive-Based Fault-Tolerant and Power
Balancing Control for Cascaded H-Bridge Inverter

Xiaogang Wang
Wei Hu

Abstract—This article presents a fault-tolerant control method
combined with a novel power balancing approach based on model
predictive control for a three-phase cascaded H-bridge inverter.
The fault-tolerant control uses redundant voltage vectors and com-
bination voltages to redistribute the output voltage under switch
open-fault and short-fault conditions. To overcome the output
power imbalance problem of the conventional fault-tolerant control
strategy, inter- and inner-phase power balancing approaches are
proposed based on novel reward functions. The effects of H-bridge
cell faults on the inverter are analyzed in detail, followed by the
operational principles of the proposed power balancing and fault-
tolerant control methods. Hardware-based experimental results
validate the effectiveness of the proposed strategy.

Index Terms—Cascaded H-bridge (CHB) inverter, fault-tolerant
control, model predictive control (MPC), power balancing, reward
function.

1. INTRODUCTION

UE to the accelerated exploitation and development of
D renewable energy sources, power electronic converters are
applied to a wider range of scenarios. Multilevel cascade topolo-
gies, such as neutral point clamped converter, flying capacitor
converter, and cascaded H-bridge (CHB) converter, are used in
distributed energy systems because they have increased voltage
and power levels [1], [2], [3], [4], [5].

The CHB topology is a mature structure with the advantages
of high efficiency, improved power quality, and reduced output
voltage variation (dv/dt) [6]. The CHB inverter consists of
single-phase H-bridge cells connected in series, and each cell
is supplied by an independent dc source with equal voltage to
provide the total output voltage to the load without the need for
additional transformers, as shown in Fig. 1. In addition, the CHB
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Fig. 1. Topology of a CHB inverter.

topology has the advantage of a modular structure and increased
fault-tolerant reliability in the event of a failure in the switching
devices of the H-bridge cells [6], [7].

In recent years, model predictive control (MPC) has achieved
many advantages over the traditional control methods for con-
trolling power electronic converters [8], [9], [10], such as faster
dynamic performance, multiobjective control, and simplified de-
sign of control loops [11]. MPC method can be divided into con-
tinuous control set MPC (CCS-MPC) and finite control set MPC
(FCS-MPC) [12]. CCS-MPC produces continuous output and
requires a pulsewidth modulation (PWM) generator to generate
switching pulses before applied to the power switching devices
of the converter [13], [14]. Compared with the CCS-MPC, the
FCS-MPC approach considers a discrete model by solving the
optimization problem over a finite horizon at each sampling time
to predict the future behavior of the system and directly applies
the switching signals to the power converter without requiring a
PWM generator [15], [16].

The CHB inverter is usually utilized in high-power applica-
tions; its reliability is very important. However, as the numbers of
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cascaded modules and power switches increase, the possibility
of faults in the CHB inverter also increases, leading to a reduc-
tion in reliability [17]. When a switch fault occurs, continuous
operation of the CHB inverter may lead to unbalanced output
voltages, which adversely affect the operation of load [18], [19],
[20]. However, sudden interruptions in industrial production
are not permitted. Therefore, continuous operation of the CHB
converter in fault states is particularly important in industrial
production.

The fault-tolerant control methods include three broad cate-
gories.

The first method is the direct method based on the faulty
H-bridge cell removal [21], [22], [23], [24], [25], [26], [27],
[28], [29]. In [21], output voltage symmetry is ensured by
cutting off the same number of cells for each phase of the
CHB converter during a switch fault. However, this method
reduces the converter’s output voltage level. In [22], the faulty
cell is disconnected and the direct neutral shift method is used
to calculate the phase neutral voltage of the CHB converter
to achieve normal operation. In [23], a selective harmonic
elimination-based fault-tolerant control method is proposed to
eliminate the harmonics after a fault, thus ensuring the cur-
rent quality. In [24], the injection of fundamental frequency
zero-sequence voltages enables the CHB converter to maintain
continuous operation after fault and achieve state-of-battery
balancing of the remaining healthy battery cells. The method
proposed in [25] achieves normal operation of the CHB inverter
and solves the problem of unequal power generation during fault
in large-scale photovoltaic power plants. In [26], the proposed
method cannot only maximize the available output voltage but
also suppress the backflow of real power effectively under fault
conditions. The method in [27] reduces both the amplitude and
fundamental harmonic of the injected common-mode voltage to
minimize its impact on the load and inverter functionality. In
[28], the zero-sequence voltage ensures maximum line voltage
availability from the CHB converter, and the power handled by
each cell remains equal. A method for power balancing under
fault-tolerant control is proposed in [29], but it is not flexible
enough.

The second type of method is based on the use of redundant
cell. A new replacement cell is added to make up for the missing
voltage levels after the faulty cell is directly removed [30], [31],
[32].1In [30], by adding an auxiliary cell in series to a three-phase
CHB inverter and with the aid of redundant switching states
generated in the space vector pulsewidth modulator, a balanced
output is achieved with low harmonic distortion. In [32], a new
hybrid CHB inverter with a fault-tolerant method is proposed,
and a new X-H-bridge cell with five-level voltage is mixed in
each phase of the CHB inverter to compensate the voltage-level
loss. However, the approach increases the size and cost of the
converter.

The third type of method performs the fault-tolerant control on
the faulty cell under switch fault conditions [33], [34]. A new
control method for the CHB inverter operating under switch
fault conditions is proposed in [33] to improve the reliability.
Fault-tolerant control under the level-shifted PWM approach is
proposed in [34]; the neutral point offset method is applied to
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ensure normal operation of the inverter and improves the power
sharing among the H-bridge cells at the same time.

When fault-tolerant control is conducted after H-bridge cell
failure, the modulation ratio of healthy H-bridge cells increases.
If the power of a cell exceeds the limit, over temperature may
cause in the cell [28]. Therefore, it is expected to ensure that the
power of each cell is balanced even under the fault condition. At
the same time, it is also desirable to ensure power balance among
the phases. However, inter- and inner-phase power balancing
with the fault-tolerant control is a problem that has not been
sufficiently studied in the current literature. Meanwhile, the
combination of the fault-tolerant control and MPC is rarely used
to control the CHB inverter. The lack of output voltage levels
during switch faults leads to unequal inter- and inner-phase
power sharing among the H-bridge cells. To address these issues,
this article proposes a model predictive-based combined control
strategy of power balancing control and fault-tolerant control
that can balance the interphase power and inner-phase power
with good output current quality when one of the switching
devices in each H-bridge cell is open or short circuited. By
analyzing the effect of open fault and short fault on the H-
bridge cell, the principle of the fault-tolerant control with power
balancing function is described in detail. The effectiveness of
the proposed method is demonstrated through experimental
results.

The rest of this article is organized as follows. Section II
presents the circuit configuration of the CHB inverter, and a
detailed modeling procedure is provided. Section III analyzes
the effect of open fault and short fault on the H-bridge cell. In
Section IV, methods for balancing the power inter and inner
phases are presented. A fault-tolerant control combining power
balancing method is proposed in Section V. Section VI intro-
duces the experimental environment and shows the experimental
results. Finally, Section VII concludes this article.

II. STANDARD FCS-MPC OF A CHB INVERTER

This section describes a generalized CHB inverter system
model and presents an FCS-MPC-based optimal voltage vector
selection method.

A. Model of CHB Inverter

Fig. 1 shows that the topology of a three-phase (2N+1)-level
CHB inverter with N cells per phase feeds a three-phase R—L
load. L and R are the inductance and resistance of the load,
respectively. Vg is the individual H-bridge dc-link voltage. i,,
iy, and i are the output currents, and v, vy, and v, are the inverter
output voltages. The continuous-time dynamical equations for
each phase can be obtained as follows:

% = %(vy—i—vNO—Riy) (y=a,b,c) (1)
and
N N
Uy = Z VUyn = Z Syn‘/dc 2)
n=1 n=1
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where v, denotes the total inverter output voltage per phase, vy,
is the individual H-bridge output voltage, v, is the common-
mode voltage, and S, is the switching function of each H-
bridge, which has three states: —1, 0, and 1.

By using the Clark transformation, the model of the CHB
inverter in (1) can be transferred into the «--(3 reference frame

al] 2 (]nlsl) o

where i, and ig are the inverter’s output currents, and v, and
v are the inverter’s output voltages. All the above voltages and
currents are in the a—( reference frame.

B. Discrete Model and Prediction

Forward Euler discretization can be applied to (3), and the
discrete-time dynamic model can be obtained as

|:ia(k + 1):| _ 5 <|:va(k):| R |:Zoz(k):|>
ig(/ﬂ-l-l) L ’Uﬁ(/ﬂ) Zg(k)
ia (k)

[it5) ®
where T is the sampling period (also the control cycle), and T’
= t(k+1)-t(k). When T is small enough, the error introduced
by the forward Euler method can be neglected, and (4) is the
approximate expression of (3). Equation (4) will be used in the
controller to predict the future values of the currents for a given
voltage vector. Using an absolute value of the current errors to
construct the cost function, which will be as follows:

gk+1)=|ii(k+1) —in(k+1)]
+ |ig(k + 1) —ig(k + 1) 5)

where iy, 5(k + 1) is the predicted reference current vector, and
it, sk +1) =iy, 5(k) can be assumed for sufficiently small
sampling periods.

For a CHB inverter with N cells per phase, the cost function
(5) is evaluated for each possible voltage vector, and the ones
that minimize it are selected using the following equation:

{va,v5} = arg(min(g(k + 1))). (6)

These selected vectors are redundant to each other; although
they achieve the same current-tracking errors, they generate dif-
ferent common-mode voltages for the CHB inverter; therefore,
the vector among them that generates the smallest common-
mode voltage is determined as the optimal vector and applied to
system (4) in normal operation [35]. While in fault conditions,
to achieve power balance control and fault-tolerant control, the
vector applied to the system is reselected from the optimal
vector and its redundant vectors, at the cost of increasing the
common-mode voltage, as described in Sections IV and V.

III. FAILURE ANALYSIS OF H-BRIDGE CELL

This section summarizes the effect of faults on the output
voltage by analyzing various switch open faults that occur in the
H-bridge cell.
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Fig.2.  Example of an open fault occurs in switch §1 when vy, = 0 and i,>0.
(a) Nonopen fault in 7. (b) Open fault in Sy.
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Fig.3. Example of an open fault occurs in switch 1 when v, = 0 and i,,<0.
(a) Nonopen fault in ;. (b) Open fault in Sy.
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Fig. 4. Example of an open fault occurs in switch §1 when v, = +Vg. and
i,>0. (a) Nonopen fault in Sy. (b) Open fault in S;.

A. Open-Fault Analysis

The switching state of each H-bridge cell determines the
output voltage level of the CHB inverter. However, if an open
fault occurs in a switch in one of the H-bridge cells, the output
voltage of the inverter will lose voltage levels, affecting the
power quality. Therefore, fault-tolerant control of the CHB
inverters is based on the analysis of fault conditions.

Consider an open fault that occurs in switch S; of an H-bridge
cell. When §; and S3 are ON together, the ideal output voltage
Vyn = 0. If current i,,>0, it will pass through the bypass diode
of S3 to achieve v, = 0, as shown in Fig. 2(a). However, when
an open fault occurs in S, it is not possible for i, to conduct
through the bypass diode of S; when i,,>0. Instead, the bypass
diode of S5 is conducted, resulting in an output voltage of — V.,
as shown in Fig. 2(b). If i, <0 and open fault occurs in Sy, i,
passes through the bypass diode of S; to produce a zero output
voltage, which does not cause an output voltage error, as shown
in Fig. 3.

Consider the case that §; and S, are ON together and the ideal
output voltage v,,, = +V4.. When i,>0 and S is open fault, i,
will pass through the bypass diode of S5 instead of S, which
causes the actual output voltage v, = 0, as shown in Fig. 4. If
i,<0, iy passes through the bypass diode of Sy, and the H-bridge
cell outputs the ideal voltage v, = +Vqc, as shown in Fig. 5.
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Fig. 5.  Example of an open fault occurs in switch S when vy, = +Vg4. and
iy<0. (a) Nonopen fault in S7. (b) Open fault in 7.

TABLE I
OPEN-FAULT ANALYSIS OF H-BRIDGE CELL FOR DIFFERENT SWITCHES

Ideal output Open-fault Current Actual output
voltage switch direction voltage
S .
Ve S; i>0 0
Sl . — Vdc
. 3 b0 e
S i<0 Ve
Ss > Ve
_ S . 0
Vie S ly<0 0
+
s,
1
= TV
S,
OJOT

Fig. 6. Example of a short fault occurs in switch S (Green is a short circuit,
and red is an open circuit).

The effects of one switch open on the output voltage are
summarized in Table I. For an open fault in S; or Sy, the error
between the ideal output voltage and the actual output voltage is
caused only when i,>0. For an open fault in S or S, the error
between the ideal output voltage and the actual output voltage
is caused only when i,<0. A CHB inverter with N cells can
generate output voltages in the range of [-NVj., NVq.] during
the fault-free condition. However, if an open fault occurs in S; or
S, of an H-bridge cell and i,,>0, the CHB inverter will generate
output voltages in the range of [ -NV{., (N-1)Vq4.]; some voltage
vectors will be lost.

B. Short-Fault Analysis

When a switch short fault occurs in a CHB cell, the counterpart
of the failed switch in the same leg must be permanently turned
OFF to avoid the system collapse caused by a sharp short-circuit
current generated by the dc power supply. This method is usually
implemented by a hardware circuit.

For example, when a short fault occurs in S of an H-bridge
cell, S becomes a permanent short-circuit switch and S is
forced to be always OFF, which can effectively avoid short circuit
of the power supply, as shown in Fig. 6. In this condition, when
S3 is ON and Sy is OFF, the output voltage of the H-bridge cell is
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TABLE II
OUTPUT VALUES OF AN H-BRIDGE CELL FOR DIFFERENT FAULT CASES
Faulty Switch state Output Voltage
switch Si S5 Ss Sa voltage missed
Short | Open 1 0 0 _
S 1o o o T 1T Vae
Open Short 1 0 —Vae
5 © | 0 I 0 R
1 0 Short | Open 0
5 0 T IO GO A e
S 1 0 Open | Short Ve v
4 0 1 (0) (1) 0 e

0. When S5 is OFF and Sy is ON, the output voltage is + V.. In the
case of a short fault in S1, the output voltage of the H-bridge cell
loses the voltage level —V.. The values of the output voltage
for the four fault cases are summarized in Table II.

IV. POWER BALANCING CONTROL

In fault conditions, the output power loss occurs in faulty
phase due to the improper operation of the faulty H-bridge cell,
which is discussed in Section III, causing an inter- and inner-
phase imbalance in the CHB inverter. Therefore, this section
focuses on the study and control of inter- and inner-phase power
balancing of the CHB inverter. First, the average output power
over a fundamental period is defined and calculated. Then, the
voltage vector and corresponding switching combination are
determined based on the proposed reward functions to achieve
inter- and inner-phase power balance.

A. Calculation of the Average Output Power of H-Bridge Cell

The instantaneous power p,, at the output of each phase of the
CHB inverter can be calculated as

(Sy1—|—Sy2+"'
4+ pyn(y = a,b,¢c) (7

Py = Uyly = + Syn )iy Ve

= Py1 +py2+"

where p,,(y = a,b,c; n = 1-N) is the individual instantaneous
output power of the H-bridge cell.

The average output power paye yn over half a fundamental
period can be expressed as

2 t+%
Pave,yn = T/ pyndt
t

1 rt+Ts .
v T t Syniydt
dc t+kT, .
= 7 Jiy (k—1)T, Synlydi+---
t+mT . dt
f—l—(rn T, ynly

m

= Zpave,yn(k;) (8)
k=1

where T is the fundamental period, 7 is the control cycle, m is
the carrier ratio, and m = T/(2T), and p,ye,yn(k) is the average
power in the kth control cycle. In (8), half of the fundamental
period is divided into m control intervals and it is assumed
that the average power paye, yn(k) over each control period is
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Pavesn = 2 Paveyn(K)
k=1

-+ Pave,yu Paveyn """ Pﬂve,yu Pave,yn —
pop push
k=m+1 k=m+2 k-1 k
Fig. 7. Real-time average output power calculation.

accumulated and the sum is equal to the average output power
Pave,yn-

In one control interval, i, can be approximated as a constant
and paye, yn(k) can be obtained as

Vae o1 /“’“Ts
Pave,yn k)= —iy(k)— Syndt
ave,y ( ) m y( )Tg t+(k71)TS Yy

Ve .
= %4, (k) Suve,yn (k) )

m

where Saye,yn(k) is the average switching state during the kth
control cycle.

To conveniently calculate the average output power of each
H-bridge cell in real time, a queuing operation is performed,
as shown in Fig. 7. Using the “first-in-first-out” method, the
average power for m control cycles is always stored in the
queue. According to (8), pave,yn for half a fundamental period
is obtained by accumulating Saye,n (k) over m control cycles in
the queue.

The total average output power of each phase is

Pave,y = Pave,yl + Pave,y2 +-+ Pave,yN - (10)

The average output power of the CHB inverter is
Pave = Pave,a + Pave,b + Pave,c- (11)

Calculate the power error of each H-bridge as
Pave,;
Apawe,yn = z}v\;y - pave,yn(y = a, b, cn=1~ N) (12)
and calculate the power error of each phase as
p.

Apavc,y - % - pave,y(y = a, b; C)~ (13)

To achieve power balancing, a reward function based on MPC
is proposed and proved in the next. For Ap,ye, 4, the following
relationship exists:

(k+1)Ts
iy v, dt(y = a, b, c)
(14)
where paye, (k) and paye, 4(k+1) are the values of paye,  at the

kth and (k+1)th instant, respectively.
The tracking target of paye, y 1S

pave,y(k + 1) = pave,y(k) + /
kT,

- _ Pave
1 pavey = 3 (15)
Define the tracking error as
Apavery (k) = B2 pey (B). (16)

3
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The stability of the proposed reward function for the CHB
inverter is investigated with a Lyapunov function with the form
as

1
V(k) - i[ApaVE,y(k)]z > 0. o))

Then, the derivative of the Lyapunov function with respect to

time can be written as

V(k) = Apave,y(k) ) Apave,y(k)~ (18)

In one control cycle, pave, y(K)~Ppave,y(k+1), and (18) can be
written as

V(k) = —Apaye,y (k)iyvy. (19)
A reward function is proposed as
Greward = Apave,yn(k)iyvy (20)

The Lyapunov function V'is positive definite and its derivative
is negative definite, so the system is asymptotically stable.
Therefore, it requires that Apyye ,(k)i,v,>0 to ensure V(k)<0
in (19). Assuming that Apqy. ,(k)>0, to ensure V(k)<0, it is
necessary thati,v,>0.i,v, is expressed as the power in a control
cycle. The higher the value of i,v,, the higher the power output
by the H-bridge cell and the faster the error converges. i, is
determined by the output current, so only the output voltage
of the inverter can be changed. To obtain better power balance
performance, the output voltage v, should be carefully chosen
to achieve maximum greward-

The reward function can be applied not only to interphase
power balancing but also to inner-phase power balancing. As
the proof procedure is similar, it will not be repeated.

B. Interphase Power Balancing Control

In Section II, an optimal vector is determined by the cost
function to minimize the current-tracking errors in normal oper-
ation. The optimal vector has several redundant voltage vectors
distributed at different voltage levels and generates different
common-mode voltages, which have the same effect on the
current-tracking error, as illustrated in Fig. 8. In fault conditions,
by redistributing the output voltages using redundant voltage
vectors, the output power can be reallocated. In a3 reference
framework, the redundant voltage vector [@a,@B]T can be ex-
pressed as

i) ﬁa ‘/:10
M = Ty | |00+ | Vac 1)
’ o Ve
where
2 _1 1
T35_2s = |:8 \/7%,3 _?:/g:|
3 3

is the Clark transformation matrix, [94,9p,0.]T is the optimal
vector with minimum common-mode voltage, A is an integer
coefficient, and the maximum range of X is [N, N].
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coordinate (N=3).

To maintain interphase power balance, a reward function is
proposed and written as

gp(k) = D iy (k) (Dy + AVae) Apuve,y (k).

y=a,b,c

(22)

For different A, different redundant voltage vectors with the
same voltage vectors in the a--3 coordinate are calculated in
(22), and different results for g, (k) can be obtained. For instance,
when Apaye, o(k)>0 and i,(k)>0, to allocate more power to
phase-a, (0,41 Vqc)>?, should be satisfied as far as possible.
When Apaye, o(k)<0 and i,(k)>0, to allocate more power to
phase-a, (0,+AV4c)<0, should be satisfied as much as pos-
sible. The optimal three-phase power balancing output voltage
combination is the one that maximizes g, (k)

{01, 0y, 0, } = arg(max(g,(k))). (23)

Compared with normal operation, a redundant vector instead
of the optimal vector may be selected and applied to the system,
resulting in increased common-mode voltage, butitis acceptable
for fault conditions.

C. Inner-Phase Power Balancing Control

The voltage vector {?),,0;,0.} obtained in (23) determines
the voltage level of each phase. For a CHB inverter, each phase
has some switching combinations that achieve the same voltage
levels; the voltage levels and their corresponding switching com-
binations of a seven-level CHB inverter are listed in Table III.

The switching combination can be selected by another re-
ward function to achieve inner-phase power balancing, which is
written as

N
Gpy(k) = Z iy (k) Syn Vac APave,yn (k) (y = a,b,c).  (24)
n=1
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TABLE III
SWITCHING COMBINATIONS OF SEVEN-LEVEL CHB INVERTER (N = 3)

Voltage level switching combinations
+3 Ve 1,1, 1)
+2V4e (1,1,0)(1,0,1) (0,1, 1)
+Vge (1,0,0)(0,1,0) (0,0, 1)

0 (0,0,0)

Ve (=1,0,0) (0,-1,0) (0,0,—1)
—2Vge (-=1,-1,0)(=1,0,-1) (0,—1,—1)
—3Vae (=1,-1,-1)

By calculating different switching combinations that satisfy
the output voltage level, different results for g, (k) can be ob-
tained. For example, when Apaye, o1>0 and i,(k)>0, to allocate
more power to the first H-bridge cell in phase-a, S,1V3.>0
should be satisfied as far as possible. When Apgye 01 <0 and
i4(k)>0, to allocate less power to the first H-bridge cell in
phase-a, S;1V4.<0 should be satisfied as far as possible. The
optimal power balancing switching combination is the one that
maximizes g,,(k). Therefore, the switching combination corre-
sponding to the maximum g, (k) is selected and applied to the
CHB inverter

{Sy1,8y2,...,8 (25)

yN } = arg(max(g,y (k))).

V. FAULT-TOLERANT CONTROL

This section presents the fault-tolerant control method based
on power balancing control by using redundant voltage vectors
and inner-phase voltage combinations.

A. Preparations for Fault-Tolerant Control

To achieve redundant control, it is necessary to calculate the
number of levels lost for each phase. A matrix is defined to store
the switching states of all H-bridges in each phase in the fault
state

statey11  stateyio  stateyi3  stateyiy
stateyo;  stateyoo  stateyos3  stateyoy

state, = . . . . (26)
state, 1 Statey o Statey s stateyng

If an open fault occurs in a certain switch of a certain H-
bridge cell, the corresponding switching state is recorded as 1.
Similarly, if a short fault occurs, the switching state is recorded
as 2, and if the switch operates normally, the switching state is
recorded as 0.

If an open fault occurs in S; or S4 of the H-bridge cell, it will
cause a loss of the positive voltage levels in the CHB inverter,
which can be written as

N
= Z (stateyn1+stateyna) Vae(y = a,b,¢). (27)

n=1

V;)pen_lolery

If an open fault occurs in S or S3 of the H-bridge cell, it will
cause a loss of the negative voltage levels in the CHB inverter,
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Fig. 9. Voltage vectors with different numbers of redundant voltages in

a—[3 coordinate when the CHB inverter only generates voltages in the range
of [=3V4c, 2V4c] (red points are the lost voltage vectors, N=3).

which can be obtained as follows:
N

= Z (stateypotstatey,s) Vac(y = a,b,c). (28)

n=1

‘/open_lost—y

If a short fault occurs in S5 or S5 of the H-bridge cell, it will
cause a loss of the positive voltage levels in the CHB inverter,
which is expressed as

N
1
Vvshortflost-i-y = 5 § (Stateyn2+5tateyn3)v&c(y =a,b, C)~
n=1

B (29)
If a short fault occurs in S or Sy of the H-bridge cell, it will
cause a loss of the negative voltage levels in the CHB inverter,
which can be expressed as
1N
‘/shortflostfy =3 Z (Stateynl +Stateyn4)v;ic(y =a,b, C).

2
n=1
(30)

B. Interphase Voltage Redistribution in Switch Failure

For a seven-level CHB inverter, when i ,>0 and a switch open
fault occurs in S; or S4 of only one of the H-bridge cells, or when
i,>0 and a switch short fault occurs in S5 or S3 of only one of
the H-bridge cells, the inverter only generates output voltages in
the range of [—3Vjqc, 2Vq.] in phase-a. In this case, the output
voltages can be replaced by the redundant voltage vectors, and
some of the edge voltage vectors will be lost, as shown in Fig. 9.
For example, if the CHB inverter needs to generate the output
voltage combination [3Vq., —2V4., —V4c] and phase-a of the
inverter only generates an output voltage in the range of [ -3V,
2V4c], the vector [3Vqc, —2V4e, —Vacl can be replaced by the
redundant voltage vector [2V4e, —3V4e, —2Vqc] to overcome
the limitation of the output voltage caused by the fault.
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To ensure that the output performance of the CHB inverter
can be maintained during the fault, the priority of fault-tolerant
control is set higher than that of interphase power balancing
control. The redundant voltage vectors @, (k)+A V. selected by
(22) to balance the interphase power should be constrained in
the case of fault-tolerant control.

The positive voltage-level loss due to a switch open fault
occurs only if i,>0 and the negative voltage-level loss caused
by a switch open fault occurs only if i,<0. Therefore, when
Sy or S4 has an open fault and i,>0 or Sy or S3 has a short
fault, ’[)y (k) +)"Vdc <NVdc - VopenflostJr y~ Vshort_lost+y needs to
be satisfied. While for i,,<0, 0y, (k) 4+ Vae <NVac—Vshort_lost+y
needs to be satisfied. Similarly, when S or Ss3 has an
open fault and iy<0 or §; or S; has a short fault,
@y (k)"_)" Vdc>_NVdc+Vopcn_lostfy+ Vshort_lostfy needs to be
satisfied. While for i,>0, 0y (k)+AVac> —NVac+Vshort_lost—y
needs to be satisfied. If 0, (k)+AVq. does not satisfy the above
conditions, rewrite (22) as

gp(k) = > iy(k)(Dy + AVae) Apasery (k) = gmax (31
y=a,b,c

where gnax 1S a constant and satisfies |X:y:a’b’C

1y (k) (Dy + AVae) APave,y (k)] << gmax. Since the optimal

output voltage combination {0},,0,,0,,} must maximize g,(k),

the redundant vectors are not considered if they do not satisfy
the fault-tolerant control condition. Subtracting g,,.x from (22)
can exclude these redundant vectors in the power balancing
control. This allows a normal output range to be maintained
and a small interphase power-sharing error to be guaranteed in
the event of a switch fault.

C. Inner-Phase Voltage Redistribution in Switch Failure

Compared with the conventional modulation methods, MPC
has a high flexibility in controlling the switching states. If a faulty
H-bridge cell can only generate —V. and 0, the whole phase
of the CHB inverter can only generate output voltages in the
range of [-NVy., (N—1)Vq.]. Interphase voltage redistribution
using redundant voltages allows the faulty phase to generate a
voltage that is within the permissible range. When (N—1)V, is
to be generated, a switching state producing an output voltage
of 0 is applied to the faulty switch of the H-bridge cell, while
the switching states producing an output voltage of +Vj. are
applied to other H-bridge cells.

Similarly, the fault-tolerant control must have a higher priority
than that of inner-phase power balancing control. Therefore, the
selection of switching combinations is also constrained.

If there is a faulty H-bridge cell in the CHB inverter, the output
voltage of the faulty cell must be limited in the inner-phase power
balancing control. There are four cases.

Case (1): If an open fault occurs in Sy or Sy, State,,,; or State 4
is 1, the output voltage level Vg, is lost at i,>0.

Case (2): If a short fault occurs in S5 or S3, State,,,2 or State, 3
is 2, the output voltage level V. is lost.

Case (3): If an open fault occurs in Sy or S3, State, .5 or State, .3
is 1, the output voltage level —Vyc is lost at i,<0.
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TABLE IV
MAIN PARAMETERS

Symbol Description Value
N Number of cells in each phase 3
Ve Dc voltage of each H-bridge cell 12V
In Nominal output line current (amplitude) 4 A
f Fundamental frequency 50 Hz
R Filter resistance 10 Q
L Filter inductance 1 mH
fs Sampling frequency (control frequency) 10 kHz

Case (4): If a short fault occurs in S; or Sy, State,,,,1 or State, 4
is 2, the output voltage level — V. is lost.

Therefore, when selecting the switching combination with
the optimal inner-phase power balancing, for case (1) or (2) and
SynVdac = Vqc in the voltage combination, or for case (3) or (4)
and Sy, V4. = —Vq. in the voltage combination, (24) must be
rewritten as

N
gpy (k) = Z iy (k) Syn Vac Apave,yn (k) — gpmax (y = a, b, ¢)
n=1

(32)
where gpmax 1S a positive constant and satisfies | Zﬁle
1y (k) Syn Vac APave,yn (k)| << gpmax. Subtracting gpmax from
(24) can limit the switching state of the faulty H-bridge cell,
allowing the fault-tolerant control to take priority over the inner-
phase power balancing control.

When the ideal output voltage is 0, and when an open fault
occurs in S; or S3, or a short fault occurs in S5 or Sy, So or Sy
is conducted to generate the output voltage of 0. When an open
fault occurs in S5 or Sy, or a short fault occurs in Sy or S3, S1 or
S3 is conducted to generate the output voltage of 0.

VI. EXPERIMENTAL RESULTS

To validate the performance of the proposed fault-tolerant
control and power balancing control strategies, hardware exper-
iments are conducted based on a three-phase seven-level CHB
inverter. The proposed fault-tolerant and power balancing con-
trol algorithms are implemented in the rapid control prototype.
The main parameters are listed in Table IV. And the photo of
the experimental platform is shown in Fig. 10.

A. Case I: Single-Cell Fault

In this case, the switch S; of the first H-bridge cell in phase-a
is open during the fault condition. Figs. 11-13 show the output
waveforms of the CHB inverter in the case of power balancing
control, and Figs. 14-16 give the output waveforms in the
case of without power balancing control. The amplitude of the
reference current is set to 4 A. It can be seen from the left
image of Fig. 11(a) that the output voltage of each phase has
seven levels in the normal operation, and the currents in the
left image of Fig. 11(b) track the reference and have a total
harmonic distortion (THD) of 2.59%. Comparing the left image
of Fig. 12(a) with the left image of Fig. 15(a), and the left image
of Fig. 13(a) with the left image of Fig. 16(a), the output powers
of the H-bridge cells in phase-a, as well as the three-phase output

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 5, MAY 2024

level CHB 3
invefter [

Fig. 10.  Photograph of the experimental platform.
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Current/div:2A Time/div: Sms
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Current/div:2A Time/div: Sms
THD=2.59%

Fig. 11. Waveforms of the three-phase CHB inverter under power balancing
control in case I. (a) Three-phase output voltages. (b) Three-phase currents.

powers, are maintained balance in normal condition under power
balancing control.

During the fault condition, phase-a cannot generate the output
voltage level of +V4. due to the open fault in S; of the first
H-bridge cell, as shown in the middle and right images of Fig. 17.
The inability to generate the required voltage level will affect
the amplitude and quality of the currents. The amplitude of the
currents decreases to about 3.6 A and the THDs of the currents
are 5.74% under the fault condition, as shown in the middle
image of Fig. 14(b). Without power balancing control, the output
powers of the H-bridge cells in phase-a are unbalanced due to the
loss of voltage level, as shown in the middle image of Fig. 15(a)
and the middle image of Fig. 16(a). Moreover, there are losses
of voltage levels in the output voltage of phase-a, resulting in a
lack of output power in phase-a, as shown in the middle image
of Fig. 15(b) and the middle image of Fig. 16(b). When using
power balancing control under the fault condition, as shown in
the middle image of Fig. 11(b), the THDs of the currents are
5.38%. As shown in the middle image of Fig. 12(a) and the
middle image of Fig. 13(a), the output power of each cell in
phase-a converges as much as possible when the power of the
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Fig. 12.  Output powers under power balancing control in case 1. (a) Output
powers of H-bridge cells in phase-a. (b) Three-phase output powers.
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powers of H-bridge cells in phase-a. (b) Three-phase output powers.
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Fig. 13. Output power errors under power balancing control in case I.
(a) Output power errors of H-bridge cells in phase-a. (b) Three-phase output
power errors.

Normal Fault Fault-tolerant control
+ v +
Va Vo Ve

Va Vb Ve

Voltage/div:25V Time/div: 5Sms

Voltage/div:25V Time/div: Sms
(a)

Voltage/div:25V Time/div: Sms

F
\ \\/
W

Curréaniv :2A Time/div: Sms
THD=2.80%

Current/div:2A Time/div: Sms
THD=2.33%

Current/div:2A Time/div: Sms
THD=5.74%

(b)

Fig. 14. Waveforms of three-phase CHB inverter without power balancing
control in case I. (a) Three-phase output voltages. (b) Three-phase currents.

first cell in phase-a reaches its maximum value. To maintain
the normal output power of phase-a, the second and third cells
in phase-a handle more power at this time. It is noted that the
interphase power balancing control has a higher priority than
the inner-phase power balancing control, and there are limited

Fig. 16. Output power errors without power balancing control in case I.
(a) Output power errors of H-bridge cells in phase-a. (b) Three-phase output
power errors.

Normal Fault Fault-tolerant control

. . .

V,

T 1) ) Val ) S Val
m T e T o e m; T TR
il rlT_L M ‘.AJ'L RN 1) NERRW | (18] ] L T3

Voltage/div: 25V Time/div: Sms  Voltage/div: 25V Time/div: Sms Voltage/div: 25V Time/div: Sms

Fig. 17.  Output voltage of each cell in phase-a under fault-tolerant control
and power balancing control in case 1.

switching combinations available to achieve inner-phase power
balance in phase-a; therefore, the power error of the first H-
bridge cell in phase-a (Pave, o1) 1 large, but paye, o2 and paye, a3
are converged. Moreover, the phase power errors of the inverter
are minimized as much as possible, as shown in the middle image
of Fig. 12(b) and the middle image of Fig. 13(b). Comparing the
middle images of Fig. 12 with the middle images of Fig. 15,
and the middle images of Fig. 13 with the middle images of
Fig. 16, under the fault condition, the proposed power balancing
algorithms converge inner-phase and interphase powers as much
as possible and the proposed interphase and inner-phase power
balancing methods are proved to be effective.
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Fig. 18. Common-mode voltage of the CHB inverter under fault-tolerant
control and power balancing control in case I.
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Fig. 19. Dynamic responses of the inverter’s output currents under power
balancing control in case 1.
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Fig. 20. Dynamic responses of the inverter’s output currents without power
balancing control in case 1.

Under the fault-tolerant control condition, the power balanc-
ing control continues to operate to ensure that the faulty phase
can recover the voltage level within a certain range. In this
way, the output current amplitude can also be recovered. As
shown in the right image of Fig. 11(b) and the right image
of Fig. 14(b), the amplitudes of the currents in phase-a are
recovered to the reference value, and the THDs of the currents
are 2.71%. Meanwhile, the interphase and inner-phase power
balancing methods are still valid, which can be seen from the
waveforms in the right images of Fig. 12 and the right images
of Fig. 13.

When the fault lasts, phase-a is unable to output the desired
voltage, and the redundant vectors are used to achieve interphase
power balance control during the fault condition and achieve
interphase power balance control as well as fault-tolerant control
in fault-tolerant control condition, resulting in a larger common-
mode voltage, as shown in Fig. 18.

To investigate the transient performance of the proposed
scheme, the amplitude of the reference current is abruptly
changed from 4 to 3 A. During the fault condition, the switch
S, of the first H-bridge cell in phase-a is open, and phase-a
cannot generate the output voltage level of +Vy.. During the
fault-tolerant control condition, the proposed fault-tolerant con-
trol method executes. The dynamic responses of the current with
and without power balancing control are shown in Fig. 19 and
Fig. 20, respectively. The currents are able to quickly follow the
reference current.
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TABLE V
SUMMARY OF EXPERIMENTAL RESULTS OF SINGLE-CELL OPEN FAULT
With power balancing Without power balancing
control control
Operation | Normal | Fault Fault Normal | Fault Fault
tolerant tolerant
C}lgf)“‘ 259% | 538% | 2.71% | 233% | 5.74% | 2.80%
Maximum
inner-
phase
power 0.2 7.2 9.2 2.8 52 6.7
error of
phase-a
W)
Maximum
inter
phase 0.3 0.8 1.0 0.5 7.9 8.2
power
error (W)
Normal Fault Fault-tolerant control
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Fig. 21.  Waveforms of three-phase CHB inverter under power balancing
control in case II. (a) Three-phase output voltages. (b) Three-phase currents.

According to Figs. 11-16, a summary of the experimental
results of single-cell fault is given in Table V; it can be seen that
the combination of power balancing control and fault-tolerant
control can achieve good power balancing performance.

B. Case II: Double-Cell Fault

This is a more extreme case. Under the fault condition, the
switch S in the first H-bridge cell of phase-a is open, and phase-
a cannot generate the output voltage level of — V.. At the same
time, the switch S5 in the second H-bridge cell of phase-a is
shorted, and phase-a cannot generate the output voltage level of
+V4c. The inability to generate the required voltage levels will
affect the amplitude and quality of the currents. Figs. 21-23
show the output waveforms of the CHB inverter in the case
of power balancing control, and Figs. 24-26 give the output
waveforms in the case of no power balancing control. The current
amplitudes decrease to about 3.6 A and the THDs of the currents
are 9.27% under the fault condition, as shown in the middle
image of Fig. 21(b). The powers of the H-bridge cells of phase-a
are unbalanced due to the faults, as shown in the middle image
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Fig. 23.  Output power errors under power balancing control in case II.
(a) Output power errors of H-bridge cells in phase-a. (b) Three-phase output
power errors.
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Fig. 24. Waveforms of three-phase CHB inverter without power balancing
control in case II. (a) Three-phase output voltages. (b) Three-phase currents.

of Fig. 22(a) and the middle image of Fig. 23(a). Moreover,
there are losses of voltage levels in the output voltage of phase-
a, resulting in a lack of output power handled by phase-a, as
shown in the middle image of Fig. 22(b) and the middle image
of Fig. 23(b).

Under the fault condition, because the output voltage of phase-
a is limited due to the failures of the first and second cells,
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Fig. 25.  Output powers under fault-tolerant control without power balancing
control in case II. (a) Output powers of H-bridge cells in phase-a. (b) Three-phase
output powers.
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Fig. 26.  Output power errors without power balancing control in case II.
(a) Output power errors of H-bridge cells in phase-a. (b) Three-phase output
power errors.

the output power of each cell in phase-a converges as much as
possible when the powers of the first and second cells in phase-a
reach their maximum values. And to maintain the normal output
power of phase-a, the third cell in phase-a handles more power
at this time, as shown in the middle image of Fig. 22(a). The
phase power errors of the inverter are also minimized as much
as possible, as shown in the middle image of Fig. 22(b) and the
middle image of Fig. 23(b).

During the fault-tolerant control condition, the proposed fault-
tolerant control method ensures that the faulty phase can output
voltage levels within a certain range. The THDs of the currents
are 3.07% and the amplitudes of the currents in phase-a are
recovered to the reference value, as shown in the right image of
Fig. 21(b).

According to Figs. 21-26, a summary of the experimental
results of double-cell fault is given in Table VI; it can be seen that
the combination of power balancing and fault-tolerant control
can still achieve good power balancing performance.

C. Comparisons With Other Fault-Tolerant Control Methods

To further illustrate the superiority of the proposed method,
the fault-tolerant control methods in [24] (Method 1), [31]
(Method 2), and [34] (Method 3) are tested for comparison.
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TABLE VI
SUMMARY OF EXPERIMENTAL RESULTS OF DOUBLE-CELL OPEN FAULT
With power balancing Without power balancing
control control
Operation | Normal | Fault Fault Normal | Fault Fault
tolerant tolerant
Current | 8% | 927% | 3.07% | 2.75% | 8.61% | 2.93%
THD
Maximum
inner-
phase
power 0.2 8.4 10.1 33 8.1 9.9
error of
phase-a
W)
Maximum
inter
phase 0.3 14.5 11.5 0.5 21.4 16.4
power
error (W)
Normal Fault Fault-tolerant control
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Methods 1 and 3 are based on the injection of a fundamen-
tal frequency zero-sequence voltage, while Method 2 requires
redundant cells. The three methods do not consider interphase
power balancing, and inner-phase power balancing is considered
only in Method 3. A PWM generator is used in each method,
and the switching frequency is 10 kHz. An open fault still occurs
in the first cell of phase-a. Figs. 27 and 28 show the output
voltages and currents of the CHB inverter with the three methods,
respectively. One of the advantages of FSC-MPC method is
its low average switching frequency, which can be seen by the
comparison between Figs. 11(a) and 27, or between Figs. 21(a)
and 27. Thus, the total switching loss can be lowered. Moreover,
it can be seen from Fig. 28 that the three-phase currents are
unbalanced during the fault condition. The output powers and
output power errors of the CHB inverter with Method 3 are
shown in Fig. 29 and Fig. 30, respectively. As shown in the
figures, large fluctuations occur in the output powers of the
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TABLE VII
SUMMARY OF EXPERIMENTAL RESULTS OF SINGLE-CELL OPEN
FAULT IN METHOD 3

Fault tolerant
2.41%

Fault
8.94%

Normal
2.24%

Operation
Current THD
Maximum
inner-phase
power error of
phase-a (W)
Maximum inter
phase power 0.8 13.4 7.9

error (W)

6.5 13.2 9.6

H-bridge cells in phase-a due to the slow rotation speed of the
switching carriers, and the three-phase output powers cannot be
balanced.

According to Figs. 28-30, a summary of the experimental
results of single-cell fault in Method 3 is listed in Table VII.
Compared with the results in Tables V and VI, the proposed
control strategy has superior performance.

VII. CONCLUSION

In this article, a model predictive-based interphase and inner-
phase power balancing control strategies are proposed at first. A
novel reward function is used to balance the interphase power
by carefully selecting appropriate redundant voltage vectors.
Another reward function is presented to balance the inner-phase
power by selecting suitable switching combinations. The in-
terphase power and inner-phase power can be balanced based
on these strategies in normal and fault conditions. Then, when
fault-tolerant control is introduced to maintain the normal oper-
ation of the CHB inverter, the reward functions are corrected due
to the voltage-level loss. In this case, both the interphase power
and inner-phase power converge as much as possible. Compared
with the fault-tolerant control without power balancing and
other reported methods, the proposed combination of power
balancing control and fault-tolerant control scheme achieves
better performance. The effectiveness of the scheme is validated
by hardware experimental studies.
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