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Abstract— Multilevel inverters with three-level T-Type
topology are widely recognized as a highly recommended solution
for applications that require reliability and fault tolerance.
However, achieving a fault tolerant operation system typically
requires the implementation of fault detection algorithms along
with modulator or control system. This paper proposes a different
approach by introducing a self-adaptive control system designed
to ensure fault-tolerant operation under open-switch fault
conditions. The proposed control system is based on Model
Predictive Control (MPC). The proposed controller intrinsically
detects deviations from the desired setpoint and automatically
cancels the usage of the faulty voltage vectors. Furthermore, the
proposed control ensures capacitor voltage balancing, even under
fault-tolerant conditions. The effectiveness of the proposed fault-
tolerant MPC method is demonstrated through several simulation
tests. The results obtained confirm the validity and feasibility of
the proposed approach.

Keywords—  Fault-tolerant, model predictive control, Self-
Adaptation, T-type converter

I. INTRODUCTION

Multilevel inverters have been extensively used in
worldwide industrial applications due to their excellent features,
high efficiency, low cost, and relative ease of implementation
and operation. Thanks to these properties, the multilevel inverter
has been applied in renewable energy systems (RES), flexible
AC transmission systems (FACTS), high voltage direct current
(HVDC) electrical drives, battery energy storage systems
(BESSs) [1, 2]. In many of these applications it is extremely
important to have high reliability and fault-tolerant power
converters. These features are becoming increasingly important
for user safety, the prevention of environmental damages, and
possible economic losses [3-5]. In this context, the T-type
multilevel inverter topology has the advantage in terms of the
efficiency for medium switching frequency, when compared
with neutral-point-clamped (NPC), or the cascaded H-bridge, or
the flying capacitors (FC) topology [6] or even other new
structures [7, 8]. Moreover, T-type multilevel inverters are
widely used in low distortion, low-voltage applications,
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particularly where efficiency and cost are critical factors [9, 10].
In addition, Unlike NPC converters, T-type converters do not
require clamping diodes, which contributes to the reduction of
the overall component count [11]. In addition, this inverter
topology takes advantage of lower conduction and switching
losses, as well as reduced switching voltage stress [12].

One of the most common faults in the power devices of the
T-Type multilevel inverter, as well as in power converters in
general, is the open-circuit fault [13, 14]. This type of failure
may result from lifted or cracked bonding wires in the power
device modules due to thermal cycling, or from failure of the
gate-drive. To address this issue, several approaches have been
proposed to enhance the fault-tolerant capability of inverters [15,
16]. In [15] a converter topology for a switched reluctance
machine (SRM) is proposed, providing fault tolerant capabilities
to the drive under a switch fault. In [16], the fault-tolerant
algorithms such as one-phase two-level switching tolerance
control and three-level switching-oriented tolerance control are
implemented by redefining the phase turn-on times and
rearranging the switching sequences. In general, two main
strategies can be adopted to achieve fault-tolerant operation: (i)
increasing hardware redundancy by integrating additional power
semiconductor devices or (ii) modifying the modulation and
control strategies [17]. Several inverter topologies have also
been developed to achieve fault-tolerant operation, primarily
through modifications to the power circuit [18].

This paper presents a novel fault-tolerant control strategy
based on a self-adaptive Model Predictive Control (MPC)
specifically developed to guarantee reliable operation of power
converters under open-switch fault conditions. The MPC
technique is characterized by fast dynamic response, conceptual
simplicity, and the ability to incorporate nonlinearities and
constraints [19, 20]. It has been applied in several industrial
systems, including energy conversion systems, HVDC systems,
RES applications and many other power electronic applications
[21, 22]. Unlike conventional fault-tolerant strategies, the
proposed method eliminates the need for external fault detection
mechanisms by inherently identifying deviations from the
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desired reference during system operation. In the proposed
strategy, when an open-circuit fault occurs in one inverter
power switch, the fault is detected by comparing the applied
vector voltages to the ideal voltages of the tracking vector
chosen by the MPC. Once the fault is identified, the fault-
tolerant control algorithm reconfigures the inverter switching
states, within the MPC algorithm, to maintain the inverter
operation under fault conditions. After a deviation is detected,
the control system excludes the voltage vectors responsible for
the abnormal condition, thus preserving overall system
performance. In addition, the proposed control strategy
incorporates mechanisms to ensure capacitor voltage balancing,
even in the presence of faults. The performance of the proposed
method is verified through several simulation tests, leading to
the confirmation of fault tolerant capability.

II. TOPOLOGY OF THE T-TYPE THREE-LEVEL CONVERTER

The proposed topology, based on a three-phase T-type
converter, is shown in Fig. 1. The converter is supplied by a DC
voltage source with a midpoint connection formed by capacitors
C; and C,. This midpoint is connected to a T-type three-level
voltage source inverter. The topology includes six unidirectional
semiconductor switches and three bidirectional switches
connected at the midpoint.

R, _li
AMA——

¢ _

Ve

Fig. 1. Power circuit of three-phase T-type converter.

To control the T-type converter both in normal and fault
tolerant modes a self-adaptative fault-tolerant model predictive
control (MPC) strategy is proposed. The development of this
controller requires a dynamic model of the inverter to determine
the position of the AC voltage space-vectors, thereby ensuring
that the AC currents track their references. Moreover, the
voltage vector selected by the MPC must maintain the voltage
balance capacitors V¢ and Ve, These voltage vectors are
functions of the switches of each leg, represented by the discrete
three-level variable S; (1).

To obtain the converter model, the switches are assumed to
be ideal. They are represented by discrete, nonlinear switching
functions that can take one of three possible values, depending
on the state S;. The corresponding output voltages assume three
discrete levels. Accordingly, they are expressed in terms of the
switching functions H;, defined in (1) with j € {4,B,C}and i €
{1,4,7}. From (1), the output AC voltages are obtained as in (2),
where V4, Vi and V¢ represent the voltages from phases 4, B, C
to the Vpc negative terminal.
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1 lf Si is On /\Si+1 is Off A Si+2 is Off

H; = 0.5 if S;isOff N Siy1is On A Sy, is Off (1)
(lf Si is Off /\Si+1 is Off /\Si+2 is On) V

O (if Sy 5505 0N ASyseisOnAS,gois On)
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VB — VO 0 1 0 HB (2)
1] LH,

In order to derlve the Voltage vector diagram the Clarke—
Concordia transformation is applied to (2). Accordingly, in af
coordinate plane, 27 voltage space vectors are obtained, Fig. 2.
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Fig. 2. Voltage vectors in the plane of the AB coordinates

By analyzing AC side of the power converter as a function
of the switching states, the following equation is obtained:

dipa
dt -1 0 0 1[ioa
diOB RO .

=210 -1 0 ||ios|+
I Ly 'OB
digc 0 0 —1lligs 3)
dt

2 -1 -1][H,
Voloy 2 -illn
3L, | I

-1 -1 21lH;

Transforming the previous equation from the 4, B, C frame
to the af frame equation (4) is obtained:
di,
@ | _Ro[-1 0 ] ]+ ¥ [1 0] ]
dig Lol o —1/liel "Lolo 1/LFs

dat 4)

T [0 1] [Vﬁ]

This equation shows the AC currents as functions of the
inverter applied AC voltages in the of plane. These voltages
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depend on the switching states. Although this converter provides
27 available vectors, only 19 of them have distinct load voltages.
However, the eight load redundant vectors play an important
role in balancing the voltages across capacitors C; and C.

IITI. PROPOSED FAULT-TOLERANT CONTROL STRATEGY

The proposed MPC algorithm controls the T-type converter
under both normal and fault-tolerant operating modes. The
algorithm controls the state variables through real-time
optimization within a receding constrained prediction horizon.
To guarantee safe operation during fault conditions, the primary
control loop integrates fault diagnosis with fault-tolerance
techniques, executed in parallel. The following sections describe
the proposed control strategy in both normal and fault-tolerant
modes.

A. MPC in Normal Operation Mode

The proposed control algorithm (Fig.3) selects the most
suitable voltage vector configuration from a set of 27 possible
switching states, such that the error between the reference
current and the predicted current is minimized. This selection
process considers not only the instantaneous system dynamics
but also the voltage balancing of the DC-link capacitors and the
presence of potential faults within the available switching
vectors.

Minimization of | | Fault Tolerant
g function Algorithm
A A
inaﬁ(]ﬁz)‘ vei(k+2)
veak+2) | S updated
vea(k) <
vei(k) MPC foa(K)
i) «tos(k)
R < iock)
00" iop *

Fig. 3. Block diagram of a Fault-Tolerant Control Strategy

In the MPC strategy, the instantaneous values of the AC load
currents, capacitor voltages, and input inductor currents are
measured at time #(k). Based on these measurements, the AC
load currents and capacitor voltages are predicted for the next
sampling time #(k+1) for all available vectors. The optimal
voltage vector is then selected by minimizing a cost function,
which determines the switching state that ensures the minimum
error cost between the references and the predicted values. From
these values, and to compensate for the computational delay in
control evaluation, the controller predicts the behavior of the AC
grid currents and the voltages of the two DC capacitors at time
t(k+2), as explained below.

To implement MPC, a dynamic model of the inverter and
load system is required (5).
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dig;(t) _ —Rpig;(t) + v(t)
dt Lo
where L, and R, represent the load inductance and resistance,

respectively; v is the voltage vector generated by the inverter;
Io;j is the load current vector.

)

Using the Euler forward approximation method, the
discretization of the output current derivative is given by:

dig;(t) ip;(k +1) —ip;(k)
ac T,

where T is the sampling period.

(6)

According to the above considerations, the AC load currents
at time t;,., can be predicted using (7).

. RO . Ts
ioj(k + 1) = (1= 721, ) gy (00) + 7 v(k) )
Lo Lo
where iy (k) is the measured AC currents, and ip;(k + 1) the
AC currents predicted for the next sampling interval.

The discrete-time equations for the voltages across
capacitors C; and C; are derived as given in (8) and (9).

ver (e + 1) = ver (k) + Ci i1 ()T, ®)

1
Ve (kK + 1) = vy (k) + C—Zicz (k)T ©)

The values of the capacitor currents depend on the switching
states of the T-type inverter and on the AC output currents, as
expressed in (10) and (11).

ic1(k) = 1;(k) — Sialoa — Siglos — Sicloc (10)

ic2(k) = 1;(k) + Sialoa + Siglos + Sicloc (11)

where i;(k) is the inductor current of L; and S;4, Sip, Sic
express the switching states.

The computational time required for evaluating the control
algorithm is addressed using delay compensation techniques,
such that the future current at the instant t(k+2) is employed in
the predictive control method. The future AC input current is
obtained by time-shifting the model (7) one step forward, as:

. RO . Ts
io;(k +2) = (1 —ETS) ioy(k+ D) + vk +1) - (12)
Applying the same reasoning delay compensation technique,

to the expressions (8) and (9), the capacitor voltage at (k+2)
value is obtained as follows:

1
Ver(k+2)=ve(k+ 1)+ C—im(k + 1T (13)
1

1
Ver(k+2) =ve(k+1) + C_iCZ(k + DTy (14)
2

The MPC minimizes the AC load current errors, the
capacitors voltage imbalance, by employing an appropriate cost
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function for all tracking errors. Accordingly, the proposed MPC
cost functional (g) consists of two weighted terms: one
associated with the output currents, and other with the capacitor
voltage imbalance (15).

9 = 9i6i + GucOuec (15)

where g; and g,. are the cost functions of the output currents and
capacitor voltage imbalance, respectively. The weighting factors
0; and J,. are introduced to provide a suitable numerical
representation of these quantities in the control microprocessor.

The cost function for the AC load currents is defined as:
gi = lioa(k +2)" —ipq(k + 2)|
. . 16
+ |iop(k +2)" —ipg(k + 2)| (16)

where ig, (k + 2)" and igp(k + 2)" represent the reference AC
load currents in the a and S axes, respectively, and iy, (k + 2)
and ipp (k + 2), the corresponding predicted AC load currents.

Similarly, the cost function of the capacitor voltages
imbalance is defined as:

Gve = |vc1(k + 2) - vcz(k + 2)' (17)

where v, (k + 2) and v, (k + 2) are the predicted voltages of
the C; and C,, capacitors.

B. Faul-tolerant Operation Mode

A fault detection strategy is integrated into the MPC
algorithm to ensure operational reliability. As illustrated in the
flowchart presented in Fig. 4, the voltage vector measured at the
inverter is compared with the optimal reference vector to be
applied. Voltage vectors that exhibit inconsistencies, such as
conflicting signs relative to physically meaningful quantities
like the orthogonal voltage components v,, and v, are classified
as faulty. Once identified, these faulty vectors are excluded from
the optimization process in subsequent control cycles to prevent
their selection.

In order to increase the robustness of the detection scheme
and mitigate false fault indications arising from noise or
transient events, a fault persistence criterion is adopted. A fault
condition is only confirmed when the inconsistency is detected
consistently over a predefined number of consecutive control
cycles. This approach enhances the system's fault tolerance
while maintaining reliable and stable converter operation under
varying grid and load conditions.

A fault in any power semiconductor reduces the number of
available voltage vectors, as certain switching combinations
become invalid. The impact on converter performance depends
on which semiconductor is affected. For the first leg (4), two
fault scenarios can be considered. If the fault occurs in either the
upper or lower device (S or S3), several high-amplitude voltage
vectors are compromised. Fig. 5 (a) and Fig. 5 (b) illustrate the
corresponding AC voltage vectors in the af plane under these
fault conditions. In both cases only 19 out of the 27 voltage
vectors remain available. Specifically, in the case of S failure,
only vectors up to 19 are available, whereas an S; failure renders
the first 9 vectors unavailable.
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Measurement:
ii(); oy (k)3 do);
vei(k); veak); Vinv_j

r

Viny a=Vaa_op

Vinv g =Vxp _op

Measurement:
ii(K); iy (R); /(R
vei(k); veak); Viny_j

Viny_a=Va_op

Vinv g =Vxp _op

Eq(s) (10), (11)
Eq(s) (8), (9)

Eq(s) (13), (14)

Eq(s) (15), (16), (17)

if(g<gap)
Zop-8  Xop=X

Delay=Delay+1

Delay=Delay_lim

yes

Remove x,,y

—‘ Apply optimal vector v(k) ‘

Fig. 4. Flow chart of the Fault Tolerant MPC with Self-Adaption.

Ve

3 12

a)

Fig. 5. AC voltage vectors in the aff plane under fault conditions. a) For
switch S}; For switch S;.

IV. SIMULATION RESULTS

To evaluate the performance of the proposed control system,
designed to ensure fault-tolerant operation under open-switch
fault conditions in the three-phase T-Type converter using the
adopted optimal predictive control, several simulation tests were
carried out using detailed models, implemented in MATLAB/
Simulink and the SimPowerSystems library. The parameters
used in this control system are: Vpc=400 V, C; = C, = 1000 pF,
the load resistor and inductor per phase 30 Q and 10 mH,
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respectively. To demonstrate the dynamic behavior of the
proposed control system, Fig. 6 a) and b) presents the load
currents and the load voltage of phase A respectively, without
the fault tolerant algorithm, when S3 is in faulty. At the
beginning, the current load reference is set to 5 A. Then, at t =
0.1 s, the gate signal of the lower switch in the first leg (S3) is
disabled, introducing an open-switch fault. Afterwards, att=0.2
s, the current reference is reduced to half of its initial value. As
can see from the simulation results, the system without fault-
tolerant control neither detects nor compensates for the fault.

Fig. 7 a), b) and c) successively shows the waveforms of the
load current, the load voltage, and capacitor voltages under the
same conditions when the proposed fault-tolerant algorithm is
enabled. The results confirm that the open-circuit fault is
correctly detected by the fault-tolerant detection algorithm, and
the system maintains the operation through the fault-tolerant
control strategy. It is also visible in the load currents waveforms
that, when the current reference is reduced by half of its initial
value, the load currents maintain near perfect tracking, contrary
to the Fig. 6 simulations without fault tolerant algorithm.

6
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'
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Fig. 6. Simulation results without Fault Tolerant Algorithm. a) Load

currents. b) Load voltage in phase A.
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Fig. 7. Simulation results with fault tolerant algorithm on the switch S; a)
Load currents. b) Load voltage in phase A. c¢) Capacitors C; and C; voltages.

To further evaluate the performance of the proposed fault-
tolerant algorithm, additional tests were conducted. In Fig. §, a
fault in switch S| is considered. For a load current reference of
5A,att=0.1 t=0.1 s, the gate signal of the upper switch in the
first leg (S1) is disabled to create an open-switch fault. Then, at
t=0.2s, the current reference is reduced to half of its initial
value. From these results it is possible to confirm that, the fault-
tolerant detection algorithm also detects this open-circuit fault
in another power switch. The converter maintains operation at
near prefect tracking through the fault-tolerant control strategy.
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Fig. 8. Simulation results with fault tolerant algorithm on the switch S; a)
Load currents. b) Load voltages. ¢) Capacitors C; and C,voltages.

Based on these results, it is confirmed that the proposed
fault-tolerant detection algorithm correctly identifies open-
circuit faults in distinct power switches. Additionally, the
control system then maintains near correct operation through
the fault-tolerant control strategy.

V. CONCLUSION

This paper presents a fault-tolerant MPC strategy with a self-
adaption algorithm for the T-Type converters. The proposed
fault-tolerant method identifies the voltage vectors that exhibit
inconsistencies, such as conflicting signs when compared to
physically meaningful quantities like the orthogonal voltage
components v, and vg, and classifies them as faulty. The fault-
tolerant control algorithm then reconfigures the converter
switching states, which is part of the MPC routine, to ensure a
correct operation of the converter under fault conditions. In
fault-tolerant operation, the proposed controller must adapt its
control action according to the specific power semiconductor
device failure, in order to compensate for the resulting reduction
in the available voltage vectors. The balancing of the capacitor
voltages was ensured under both normal operation and fault-
tolerant conditions. The effectiveness of the proposed self-
adaptive control strategy was validated through simulation
experiments. Results under both normal and faulty conditions
confirmed the expected performance and validated the fault
tolerance capability of the proposed method.
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