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Abstract—Cascaded H-bridge (CHB) based converters have
several advantages including modularity, isolated DC-side voltage,
and improved output voltage quality. These multilevel converters
are increasingly used in photovoltaic (PV) systems. With the
number of H-bridge submodules (SM) and sensors increased due
to the cascaded topology, the converter becomes more prone to
sensor malfunctions. This paper proposes a method to make a
CHB-based PV converter resilient to sensor malfunctions using a
real-time state estimation—based malfunction detection algorithm.
The proposed method is validated using simulation studies in
MATLAB/SIMULINK and experimental studies on a test system.
It is shown that a nine-level CHB-based PV system can operate
normally even when one sensor measurement is missing.

Index Terms—Malfunction detection, multilevel converter,
power electronics, sensor malfunction, solar energy.

I. INTRODUCTION

HE AVERAGE worldwide cost of large-scale PV units has

dropped 75% from 2010 to 2017 to 40 cents per watt [1].
The total installed solar power capacity in the U.S. reached
47 GW in July 2017, which equals the power needed to supply
more than 9 million American homes [2]. The ongoing increase
in the integration of solar PV units inevitably increases the
impact of their malfunctions on the power grid [3], [4].

A PV system malfunction can have several reasons, e.g.,
sensor loss or cyber attack. A malfunction in a large-scale
PV unit has an impact similar to a solar eclipse. While
a solar eclipse has a predictable pattern and typically the
needed regulatory reactions are arranged, a malfunction is
not predictable. During the 2017 eclipse in the U.S., an
estimated 1900 utility-scale solar plants were affected [5],
and the reserve units provided the needed power with a ramp
rate of 150 MW/min [6]. Without preparations, the grid would
have probably collapsed [6].

The growing integration of large-scale PV units necessitates
more reliable power electronic converters [7]. CHB-based
converters are a potential solution for interfacing PV units to
the grid [8]. Their advantages include modularity, isolated DC-
side voltage, decreased switching losses due to a low switching
frequency, increased output voltage quality, and submodule-
level maximum power point tracking (MPPT) [9]. There are
more sensors in a CHB-based converter than a conventional
voltage-sourced converter (VSC). This increases the vulnera-
bility of a CHB-based converter to sensor malfunctions [3].
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However, there are no studies addressing the vulnerability
of power electronic converters and particularly CHB-based
topologies to sensor malfunctions.

There is ample research performed on the stability and
unbalanced operation of CHB-based PV inverters. Reference
[10] proposed an MPPT algorithm that can track the MPP for
each module independently and deal with strict power mismatch
conditions. A novel converter topology is introduced in [11]
that can alleviate the power mismatches between the modules of
different phases. The general solution for the power imbalance
problem is the injection of zero sequence currents and voltages.
Reference [12] provides a review on different methods to
address instabilities in CHB-based PV systems. Among all the
different methods, increasing the system resiliency to sensor
malfunctions is not studied.

There are efforts to reduce the number of sensors in a
CHB-based converter. A sensorless PWM algorithm based
on a converter topology with a reduced number of switches
is analyzed in [13]. Most of the topologies that have a
reduced component count are developed using hybrid converter
topologies [14]-[16]. Modifying the MPPT algorithm is another
way for reducing the component count and removing the sensors
in a CHB-based converter [17]. A 19-level CHB-based PV
system without a DC-side current sensor is proposed in [18].
Several efforts to perform MPPT without using current sensors
on the DC-side are reported in [17], [19]-[22]. Reference [23]
develops a method to eliminate both the voltage and current
sensors on the DC-side of a CHB-based converter. Reference
[24] increases the power conversion efficiency in a multilevel
inverter by reducing the number of switches. Reference [25]
provides a review of the modular power electronics solutions
with reduced switch count. However, to the best of the authors’
knowledge, none of these studies focuses on detecting a
malfunctioning sensor and making a CHB-based converter
resilient to sensor malfunctions.

While reducing component count and sensors in a CHB-
based PV system has several advantages [13], it decreases
the modularity and redundancy of the system. It may also
complicate the topology and controllers. This paper proposes a
method to increase the redundancy of a CHB-based PV system
and make it more resilient to sensor malfunctions. This paper
does not eliminate sensors in the system; rather, it proposes
an algorithm that enables the system to operate normally
when a sensor is lost. A state estimator unit calculates the
system variables independently of the sensors health status. This
paper also develops an algorithm to detect the malfunctioning
sensor and replace its measurement with an accurate estimate.
A nine-level CHB-based PV system is utilized to evaluate
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Fig. 1. Nine-level CHB-based PV study system.

the proposed algorithms. Different sensors are subjected to
malfunctions and the performance of the system is analyzed
using MATLAB/SIMULINK and experimental results.

The contributions of the paper are

e Method to estimate the measurements,

e Sensor malfunction detection scheme,

o Switching scheme for CHB-based converters that have
malfunctioning sensors, and

o CHB-based PV system resilient to sensor malfunctions.

The remainder of this paper is organized as follows. Sec-
tion II discusses the study system. The proposed estimation
method is discussed in Section III. Section IV discusses the
proposed sensor malfunction detection algorithm. Section V
evaluates the validity of the proposed algorithms by simulation
and experimental results. Section VI concludes the paper.

II. CHB-BASED PV STUDY SYSTEM

Fig. 1 shows the topology of a nine-level CHB-based PV
system with four SMs. Each SM has an independent MPPT
algorithm. The MPPT and the switching algorithms need
measurements of the DC-side voltage and current. Therefore,
there are 8 sensors on the 4 DC buses of this topology. The AC
side has 3 sensors: AC-side terminal voltage V;, the AC-side
current 45, and the grid voltage V;. There is also a DC-side
voltage Vo and a DC-side current ipy sensor for each SM.

The control block diagram of the converter is shown in Fig. 2.
Two loops control the flow of the d- and ¢- axis currents. The
parameters of the PI controllers are K, = 0.2 and K; = 0.02.
The MPPT algorithm determines the reference DC voltage for
the control loop controlling the reference d-axis current ¢4. The
output voltage is controlled using reactive power.

This paper assumes that the instantaneous output voltage
of an individual SM cannot be zero. As will be discussed in
Section III, this is because the estimation algorithm needs the
modulation index M, which is a continuous value between
—1 and 1 shown in (1), to be nonzero. To guarantee this,
at each moment, the output of one SM is decided based on
PWM while the other three SMs generate either Vo or — V.
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Fig. 2. Block diagram of the CHB-based converter controller.

The modulation index for the SM that is in PWM mode is
calculated as follows:

Viref — Z?:l,i;éPWM (M;Ve,)
Verwm

Mpwm = ; (D
where V is the output terminal voltage, and V¢ is the DC-side
voltage. The output of the current controller is compared with
the average DC-side voltage to define 4 different switching
regions. The number of regions in the switching schemes with
zero as an output for individual SMs is 8 [26], [27]. This
reduction from 8 to 4 in the number of regions in this paper
simplifies the switching algorithm. It reduces the number of
switching states and the memory used in the controller. Thus,
it lowers the calculation burden of the controller. Furthermore,
the number of SM switchings and the switching loss decrease.
This reduction is even more pronounced in CHBs with higher
number of levels.

The proposed switching states for an n-level CHB-based
converter are shown in Table I, in which M, is the modulation
index for the SM with highest V>, M,, is for the module with
lowest V¢, and M; to M,, are for other modules. The SMs
that have the highest capacitor voltages should be discharged
first and those with the lowest voltages should be charged first.
Fig. 3 shows the terminal voltage of the nine-level CHB-based
PV system. At each voltage level, one SM works in PWM mode.
This helps the terminal voltage track its sinusoidal reference
more accurately. At each switching region in Table I, if an SM
is detected to have a sensor malfunction on its DC-side sensors,
the estimation algorithm discussed in Section III prevents it
from working in the PWM mode; thus, its switching scheme
changes to faulted mode as shown in Table I. The SMs are
sorted based on the amplitude of their DC-side voltages. When
an SM in PWM mode is detected to have a sensor malfunction,
PWM is performed by the SM with the next higher or lower
voltage level, depending on the current direction and the charge
or discharge needs.

III. PROPOSED ESTIMATION AND CALCULATION METHODS

To have a system resilient to sensor malfunctions, it is nec-
essary to have alternative ways to obtain sensor measurements.
The methods proposed in this paper to calculate each of the
sensor measurement values are discussed in this section.
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Fig. 4. Block diagram of the integrator with feedback loop.
A. Calculation of the Grid Voltage V;
To calculate Vi, a KVL on the AC-side gives
di !
S .
Veate = La—= + Rais + ) M;Ve, )
Jj=1

where R, and L, are the resistance and inductance of the AC-
side filter, M; is the modulation index for each SM, V( ; is the
DC-side capacitor voltage, and i, is the AC-side current of the
converter. The grid voltage sensor is an important sensor. To
lower the chances of this sensor malfunctioning, it is assumed
that this sensor has a quality higher than the other sensors in
system. However, it is possible to use a PLL to determine the
grid voltage phase angle and update it in real time. A KVL on
the AC side between the terminal and the grid voltage gives the
amplitude of the grid voltage. The calculated amplitude can be
used in (2) to detect if the grid voltage sensor is malfunctioning.
If a malfunction is detected, the calculated amplitude and the
recorded phase angle replace the malfunctioning measurement.

B. Calculation of the Output Current 14
To calculate 75, a KVL on the AC-side gives

4
| 1 |
bncote = 7 / (Y MjVe — Ry — V)dt. ()
s JT j=1

Because of the DC value in this integral, it is necessary to
develop an integrator with feedback, Fig. 4. This integrator
has a PI controller in its feedback loop with parameters tuned
such that the fundamental- and higher-frequency components
are the same as an integrator without feedback.

The AC-side current i, can also be calculated from the
measurements of the DC sides of the individual SMs based on
KCL. Since there are four SMs in the converter and the sensor
measurements on each SM are independent of each other, it is

possible to estimate ¢5 from any SM. Equation (4) shows the
second method to calculate 7.
1 dVe ;
Mj(iPV,j - CJ did )a
As (4) shows, M cannot be zero. Based on the switching
strategy shown in Table I, no more than one SM can work in
the PWM mode at any given time. If an SM is in PWM mode,
its modulation index can cause the denominator in (4) to be
very small, and possibly zero. As a result, the estimated signal
for the AC-side current can become inaccurate. Therefore, the
estimate based on the SM in PWM mode is eliminated.

J=1234 @

vs,calc,j =

C. Calculation of the DC-Side Voltage V¢
The DC-side voltage V- of each SM can be calculated as:

Vi — Z?:l,i;éj MiVoi
M; '

J

(&)

VC,j,calc -
This method is independent of the DC-side currents.
D. Calculation of the DC-Side Current ipy

1py is calculated using a KCL at the DC-side of each SM:

dVe,;
dt

Z.PV,j,calc = Cj + Mjis- (6)

E. Calculation of the AC-Side Terminal Voltage V;
A KVL on the AC-side outputs of different SMs gives

4
Vicate = Y MV (7)
i=1

The output terminal voltage sensor is not usually installed
in a commercial inverter. The proposed algorithm needs to use
this sensor and it is added to the study system. This sensor
measures the terminal voltage with a high bandwidth, based

on the commercially available technologies [3].

IV. PROPOSED MALFUNCTION DETECTION SCHEME

Fig. 5 shows the flowchart of the AC-side current state
estimator and detection algorithm. This paper considers only
one sensor malfunction at a time. Only three SMs can provide
estimates, as the fourth SM is in PWM mode and cannot be
used for estimation. Step 1 in malfunction detection is the
estimation of the AC-side current ¢5 from each of the SMs,
Fig. 7(a). The spikes in Fig. 7(a) are created by the single SMs
that are in PWM mode. To eliminate these spikes, at each time
step, the 4 estimated currents are processed and merged into
3 signals and the one signal coming from the SM in PWM
mode is removed, Fig. 7(b). In addition to these 3 estimates,
the AC-side current can also be calculated using (4).

Step 2 is to calculate the average of these inputs, Fig. 7(c).
Since a large bad value, which can be an estimate or a
measurement, can shift the average, three-by-three average
values, each leaving out one signal, are calculated. If a signal
deviates from all the three-by-three averages, it is denoted as
falsified. The deviation threshold ¢ is heuristically set to 5%.



TABLE I
PROPOSED SWITCHING SCHEME OF AN n-LEVEL CHB-BASED CONVERTER IN NORMAL AND FAULTED CONDITIONS.

Normal ‘ Faulted
out > 0 | iout > 0
My, M; M; My, .. M, M, M, ‘ My, M; M; My .. M, M, M,
region 71 1 1 1 1 | 1 Mpwa | region 2% 1 1 1 1 o1 Mpwn 1
region 221 —1 1 1 1 1 w1 Mpwn -1 region 271 —1 1 1 1 1 w1 -1 Mpw
region 2 1 Mpwy -1 -1 Y | -1 -1 region 2 1 -1 Mpwy -1 RO | -1 -1
region 1 Mpwn -1 -1 -1 US| -1 -1 region 1 -1 Mpwn -1 -1 O | -1 -1
Gout < 0 | fout <0
My, M; M; M, .. M, M, M, ‘ M, M; M; My .. M, M, M,
region ”;1 Mpwy 1 1 1 o1 1 1 region ”;l 1 Mpwy 1 1 o1 1 1
region 5l —1 -1 Mpwn 1 1 1 1 1 region 5l —1 -1 1 Mpwa 1 1 1 1
region 2 -1 -1 -1 -1 e -1 Mpwn 1 region 2 -1 -1 -1 -1 e -1 1 Mpw
region 1 -1 -1 -1 -1 e -1 -1 Mpw s | region 1 -1 -1 -1 -1 U | Mpwy -1

Once the bad value is detected, step 3 is to eliminate it from
the average calculation formula and calculate a new average.
This process can continue until there is no wrong estimate left.
However, this paper considers only one malfunction. The final
average value can be used instead of the actual measurement of
the AC-side current. If an estimate deviates from the average,
its corresponding SM can be detected. Because the SM-based
estimates of the AC-side current are calculated using the DC-
side voltage and current measurements, the wrong ¢, estimate
is a result of a wrong measurement from either Vi or ipy .

In step 4, (5) and (6) are used to determine if the malfunction
is caused by Vi or ipy. In both cases, a change should be
made in the switching process of the detected SM. M can be
zero in PWM mode and because there is a division by M in
(5), this SM cannot work in PWM mode anymore. Therefore,
its modulation index M is either 41 or —1. The proposed
switching scheme during the loss of a DC-side sensor is shown
in Table I. Since no more than one sensor is expected to
malfunction in this paper and that sensor is already detected,
the measurements from other SMs can be trusted. The measured
Ve is compared with (5). If they are not equal, the measurement
is considered to be wrong. If they are equal, the measurement
is accurate and the accuracy of the DC-side current sensor
needs to be checked. If the DC-side current measurement is
not equal to (6), it is falsified. Thus, it should be replaced by
its estimated value. Based on solver calculations, the proposed
scheme reasonably increases the solver computational burden
by 10%. However, the solver step size is the same for systems
with and without the proposed algorithm.

Although this paper considers only one sensor malfunction
at a time, the proposed method can also detect two sensor
malfunctions on an SM at the same time. Based on (5),
calculation of Vp¢ does not depend on the DC-side current of
the same SM. Thus, malfunction detection of Vpc of an SM
is independent of ¢py of that SM. If Vp¢ is detected to be
malfunctioning, the value from (5) replaces the measurement
in (6). Thus, (6) can be used to detect if the DC-side current
sensor on that SM is malfunctioning. The proposed method
can calculate and estimate the measurements and detect the
malfunctions independently of the system conditions. For

AC side current measurements
and estimations

Calculate the three-by-three
average values

AC side current measurement
or estimation i +

Malfunctioning SM =/ Y

Fig. 5. AC-side current state estimator and malfunction detection flowchart.

Output = i

example, if there is a malfunction in the converter and the
output terminal voltage becomes zero, the calculation for this
measurement is also zero and matches the measurement. Thus,
the proposed method does not confuse the malfunctions in
sensors with malfunctions in other parts of the system.

V. SIMULATION AND EXPERIMENTAL RESULTS

This section evaluates the proposed algorithm on a nine-
level single-phase grid-connected CHB-based PV system using
simulations and experimental studies. The topology of this
system is shown in Fig. 1 and its experimental setup is shown
in Fig. 6. The parameters of the system for the simulations
and the experimental setup are the same, as shown in Table II.
The electrical parameters of the system are chosen heuristically.
Four 25 W PV panels are connected to the DC-sides of the
SMs. This converter is connected to a 60 Hz grid with an rms
voltage of 32 V, which is chosen to be lower than the terminal
voltage of the PV converter in low insolation conditions. The
experiments are performed on a small-scale system. However,
the proposed method is fully scalable and is expected to
work for a large scale system too. The proposed algorithm
is implemented using an OPAL-RT real-time simulator and
controller. The voltage and current sensor measurements are
received by an I/O expansion unit and sent to OPAL-RT. The
I/O unit receives the gating signals from the OPAL-RT and
sends them to the converter. The converter utilizes SKM IGBT
modules and SKYPER 32 R gate drivers. The utilized IGBT



Fig. 6. The experimental setup for the proposed system: (a) PV panels,
(b) CHB converter, (c) OPAL-RT and I/O unit.

TABLE I
SIMULATION AND EXPERIMENTAL SETUP PARAMETERS.

Electrical Parameters

PV panel power 25W Cpe 15 mF
Ve,rms 32V Ls 7 mH
Jowitching 2500 Hz R 0.4 Q
Controller Parameters
Current Controller Integrator Feedback
K, 1.5 K, 0.1
K; 55 K; 0.5

modules can withstand up to 2.5 times the nominal AC-side
current, which is 10 A. Different scenarios are discussed for
simulation and experimental verifications. Subsections A-D
discuss the simulation results. Subsections E and F present
the experimental results while comparing them with a similar
scenario using simulations.

A. Estimation of the AC-Side Current i

As mentioned previously, the estimate resulting from the
SM in PWM mode is oscillatory and cannot be used. Fig. 7(a)
shows the primary estimates of the AC-side current in normal
operating condition. Fig. 7(b) shows the estimate results
after eliminating the estimates from the SM in PWM mode
and processing the 4 primary signals into 3. The oscillatory
output of the estimated AC-side currents are removed and
only negligible glitches are left. These glitches are eventually
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Fig. 7. The simulated AC-side current, (a) primary estimates, (b) estimates
after eliminating the SM in PWM mode, (c) state estimation output; and (d)
sensor and state estimation output with a sensor malfunction happening at
t=0.25s.

removed by taking the average value of the estimates shown
in Fig. 7(b).

The proposed algorithm also deals with bad measurements.
The final value for the AC-side current used by the controllers is
the mean value of all the estimates and the sensor measurement.
If the sensor measurement is different from the mean value
of the estimates, it is removed and a new value is calculated
based only on the estimates. The output of the state estimation
module is shown in Fig. 7(c). The signals shown in Fig. 7(a)
and Fig. 7(b) are not used anywhere within the controllers and
are shown only to illustrate the process of reaching to Fig. 7(c).

To show the performance of the detection algorithm, a sensor
malfunction is introduced into the system that causes a white
noise on the sensor measurement. Such faulty measurements
can have different reasons such as the sensor being discon-
nected, a short circuit in sensor wiring, noise, or cyber attack.
The detection algorithm detects and eliminates the bad data.
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B. Calculation of the DC-Side Voltage Vpc

Fig. 8 shows the measurements and calculations of the DC-
side voltages. These voltages are not equivalent because of
different insolation levels and MPPs. The calculations are
accurate. If an SM is in PWM mode, the calculation for that
SM is less accurate, but still within the acceptable range. At
t = 0.10 s, the DC-side voltage of SM 4 is falsely measured.
However, the estimate for this signal stays accurate. This
malfunction is detected by the detection algorithm and the
corresponding sensor is then blocked.

C. Calculation of the DC-Side Current ipy

Figs. 9(a)—(d) show the calculation results for the DC-side
currents. At ¢ = 0.25 s, the measured DC-side current in SM 4
starts to malfunction. The sensor measurement is then replaced
by the accurate calculation of this signal. The terminal voltage
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Fig. 9. Simulation results with a sensor malfunction happening in SM 4
at ¢ = 0.25 s (a)-(d) The output of the DC-side current sensors and their
calculated values, (e) terminal voltage and its reference.

of the converter and its reference value are shown in Fig. 9(e).
The output terminal voltage is a nine-level staircase waveform
superpositioned by a PWM waveform at each level.

D. Uncertain Grid Conditions after Losing a Sensor

To evaluate the performance of the proposed system under
uncertain grid conditions, after a sensor is lost, the grid
experiences a 5% voltage drop at ¢t=0.5 s. Fig. 10 shows the
simulation results on how the steady state output power of
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current is applied using the ¢ time (s) al time simulator. In time (s)
this case, SM 4 uses the calculated DC-side voltage instead of
its measured value. The reactive current and its reference are
shown in Fig. 12. The system can accurately track the changes
in reactive power set point after a sensor malfunctions

Fig. 12. Experimental result for the step response of i, after a detected
malfunction in the DC-side voltage sensor of SM 4.
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F. Comparison of the Results of Detected and Undetected
Malfunctions

This case study compares the system performance as a
result of a detected and an undetected malfunction, first, via
simulation and, then, experimental results.

In simulation, an error in the measurement of the DC-
side voltage of SM 4 is introduced at ¢ = 1 s. In this
scenario, for the simulations, the resulting waveforms of the
detected and undetected malfunctions are shown together in
a same subfigure. Fig. 13(a) shows the simulated terminal
voltage for both the detected and undetected malfunction. The
detection and replacement of a falsified measurement by an
accurate calculation helps the terminal voltage remain stable.
Fig. 14(a) shows the simulated output terminal current as a
result of a detected and undetected malfunction. Furthermore,
an undetected malfunction causes the real power output of the
converter to become negative. In a practical scenario, in an
experimental setup, the protection system prevents such an out-
of-bound negative value. However, as shown in Fig. 15(a), the
real power remains unchanged if the malfunction is detected.

Under the same conditions as the detected and undetected
simulated malfunctions in this section, the experimental setup
is tested. The experimental results of the detected and unde-
tected malfunctions for each wavefrom are shown in different
subfigures. The first experimental scenario investigates the
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Fig. 14. Simulation ((a)) and experimental ((b),(c)) results for the output
current with a malfunction happening on Vpcy4 at t = 1.00 s, (a) comparison
of a detected and an undetected malfunction in simulation, (b) experimental
result for an undetected malfunction, and (c) experimental result for a detected
malfunction.

performance of the system with an undetected malfunction
on the DC-side voltage sensor of SM 4. The output value
of this sensor is zero after malfunctioning at ¢ = 1 s. The
system is tested in a low insolation condition in which the
PV unit produces 25 W at its MPP. Fig. 13(b) shows the
experimental setup terminal voltage before and after the
undetected malfunction. The output voltage has a nine-level
pattern before ¢t = 1 s. The malfunction of this sensor results
in an uncontrolled output terminal voltage. This voltage does
not have a nine-level pattern anymore.

In addition to the output terminal voltage, the output current
also becomes unstable after the undetected sensor malfunction.
Fig. 14(b) shows the experimental result on how the current
waveform loses its sinusoidal shape and eventually becomes
unstable. As a result of this undetected malfunction, the
direction of the real power flow changes towards the DC-side
capacitors, as shown in Fig. 15(b). If the protection system
does not shut down the converter, uncontrolled overcharge of
capacitors can occur.

The next experimental scenario analyzes the performance
of the system under the same sensor malfunction, but detected.
The insolation level and all the other test conditions remain
unchanged compared to the undetected malfunction scenario.
At t = 1 s, the DC-side voltage sensor of SM 4 is lost.
This malfunction is detected by the detection algorithm and
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the calculation replaces the measurement at ¢ = 1.1 s. The
estimate is able to keep the system operating normally after
the malfunction of the sensor. Further, the MPPT algorithm is
performed correctly before and after the malfunction. Fig. 13(c)
shows the experimental result for the terminal voltage when
a malfunction happens and is detected after 0.1 seconds. The
voltage loses its nine-level sinusoidal pattern when the sensor
malfunctions. However, replacing the measurement with the
calculated value helps the system recover its nine-level terminal
voltage. Att = 1.1 s, the terminal voltage goes back to its nine-
level pattern and the switching algorithm successfully tracks
the reference value of the terminal voltage. Fig. 14(c) shows the
AC-side current as a result of this detected malfunction in the
experimental setup. The experimental results for the AC-side
current and the real power, shown in Fig. 15(c), show that the
system is able to maintain its stable and safe current and real
power by replacing the wrong measurement by a calculated
value. Figs. 16(a)—(d) show the experimental results for the
DC-side output voltages of the sensors and their calculations
in this scenario (detected malfunction). The actual value of the
DC-side voltage for SM 4 is also shown after the malfunction
of its sensor. Fig. 16(d) shows that the calculated value for
SM 4 matches its actual DC-side voltage. Fig. 16(e) shows
the experimental modulation index of SM 4 before and after
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Fig. 16. Experimental results with a malfunction happening on Vpcy at
t = 1.00 s (a)-(d) the outputs of the DC-side voltage sensors and their
calculated values, (e) modulation index of SM 4.

the detection of the malfunction. Becuase SM 4 is detected to
have a sensor malfunction on its DC side, at ¢ = 1.00 s, its
switching mode changes and it cannot work in PWM anymore.
Fig. 16(d) shows Vpc4 and how it remains well balanced when
the switching policy changes and the SM does not work in
PWM mode anymore.

VI. CONCLUSION

This paper proposes an algorithm to make a CHB-based PV
system more resilient to sensor malfunctions. This resiliency

tterminal voltags



(i) reduces the concerns regarding the use of backup or highly
expensive sensors; (ii) makes the system more reliable; and (iii)
reduces the overall cost. This algorithm is based on estimating
sensor measurements, detecting a malfunctioning sensor, and
replacing the wrong measurement with an accurate calculation.
The performance of the proposed algorithm is validated via
both simulation and experimental studies on a nine-level CHB-
based PV system. The proposed method can be generalized
to an n-level CHB-based PV system. Although not studied in
this paper, a similar, but simpler method can also be applied
for half-bridge submodules.
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