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Extended Reactive Power Exchange With Faulty
Cells in Grid-Tied Cascaded H-Bridge Converter
for Solar Photovoltaic Application

Rahul Sharma

Abstract—Fault-tolerant operation is a key feature of grid-tied
photovoltaic fed Cascaded H-Bridge converter, where the converter
operates continuously with faulty bypassed cells. After bypassing
the faulty cells, the number of healthy cells decreases, the available
dc-link voltage reduces and active power among the phases be-
come unequal. As a result, the converter produces unbalanced and
distorted grid currents. Moreover, the maximum reactive power
exchanged with the grid gets reduced with the available dc-link volt-
age. This article proposes a novel zero-sequence voltage injection
technique for balancing the grid currents and preventing overmod-
ulation in each cell of the converter. The proposed technique extends
the reactive power capability of the converter during a postfault
condition. Additionally, it also helps in equal active and reactive
power flow in each phase of the converter. A new PWM clamping
strategy is proposed in this article to implement the zero-sequence
voltage addition in the converter. The proposed concept is verified
through computer simulation and experimental results.

Index Terms—Ancillary services, cascaded H-bridge (CHB)
multilevel converters, fault tolerance, PWM clamping strategy,
reactive power, solar photovoltaic (PV).

I. INTRODUCTION

RID-CONNECTED large scale solar photovoltaic (PV)
Gplants are causing increased penetration of renewable
energy in the grid in recent years [1], [2]. Nowadays, large
scale solar PV plants not only supply active power but also
exchange reactive power with the grid for ancillary services like
reactive power compensation, power quality enhancement, low
voltage ride through [1], [3], [23], [24], [26], etc.

Cascaded H-bridge (CHB) multilevel converter has become
one of the most attractive topologies for large scale solar PV
plants connected to medium voltage [3]-[5]. This topology
has several benefits compared to the conventional two-level
converter (PV Central Inverter) like high-quality output voltage,
lower total harmonic distortion (THD), lower voltage stress on
the switches, and modular structure [3]-[7]. At the medium
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voltage level, it can be directly connected to the grid without
using a step-up line frequency transformer [7]-[9]. Due to more
number of switches, the probability of switch failure is high in
this converter [10]-[19], [25], [26]. The operation of the CHB
converter can be improved after a fault by bypassing the faulty
cells and allow the continuous operation of the converter with a
reduced capacity [10], [11].

Fault tolerant operation of CHB converter has been discussed
in literature for motor drives [12], [15], static volt-ampere reac-
tive (VAR) compensations (STATCOM) [16], [18], battery en-
ergy storage system (BESS) [19], [26], and solar PV system [25].

The simplest fault method in the drive application is to bypass
the faulty cell in a phase along with two healthy cells in the other
two phases [12]. As a result, phase voltages and line voltages
remain balanced but their magnitudes get reduced. A similar
technique is also used in the STATCOM application [16]. This
technique of bypassing healthy cells is not advantageous for
solar PV application since active power from the converter will
reduce. In [16] and [17], the dc-link voltage has to be increased
to maintain converter output voltage closed to the grid voltage
for supplying the rated reactive power.

The other method is to use an auxiliary two-level converter
[18] or a redundant H-bridge cell in each phase of the converter
[10], [11]. By using this method, the converter can be operated
at the same capacity as pervious but the size and cost of the
system are increased. This method is suitable for an only single
faulty cell.

In other methods, after bypassing the faulty cells, the magni-
tude and phase of the cluster voltages are adjusted by shifting
the neutral point of the converter so that the converter generates
maximum possible line voltage. This method is called “funda-
mental frequency zero-sequence voltage injection” [12], [13],
[19]. The zero-sequence voltage is used to transfer power from
one phase to another to balance the currents. This method is
mostly used in motor drive applications [12], [13]. The injection
of zero-sequence voltage is also proposed for grid-connected
CHB converter for BESS application [19] with one faulty cell.
However, this method is not applicable in more than one faulty
cell. The fault-tolerant method is further improved by inject-
ing harmonics [14], [15] that provides maximum line voltage
according to a fault condition and also increases the linear
modulation region for motor drive application.

Several authors [7], [20]-[22] have presented different types
of zero-sequence voltage injection for grid-tied solar PV
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application during unequal power generation among the clusters
due to nonuniform irradiation, the unequal temperature of the
PV cells and PV panel degradation. However, these papers have
only discussed unbalanced active power generation in the cells
but have not discussed the operation of CHB with faulty cells
as well as reactive power exchange with the grid. The reactive
power exchange with the grid has been discussed in [23] and [24]
for power quality improvement during unequal power generation
among the clusters with equal dc-link voltage of the cell but the
three-phase grid currents are seen to be unbalanced. Moreover,
these articles have not discussed the operation of CHB with
bypassed faulty cells.

Yu et al. [25] have discussed the operation of CHB for solar
PV applications with faulty cells for supplying only active power
in the grid. In this article, the cluster voltage is realized by in-
creasing the dc-link voltage of the cell to avoid over modulation.
Increasing the dc-link voltage, however, puts additional voltage
stress on the devices.

The primary contributions of this article are as follows.

1) A zero-sequence voltage is derived by ensuring active

power supply and reactive power exchange with the grid.
It helps in balancing the line voltage as well as active
and reactive power exchange in the grid during a postfault
condition.

2) Mathematical expression for the required dc-link voltage
to prevent overmodulation is derived when the converter
exchanges active and reactive power with the grid.

3) A novel PWM clamping strategy is proposed that maxi-
mizes the linear modulation region of the converter with
available dc-link voltage of the cell. It helps in extending
the active and reactive power exchange capability of the
converter.

II. ZERO-SEQUENCE VOLTAGE WITH FAULTY CELLS

This section describes the operation of grid-tied solar PV
fed CHB converter with faulty cells. For certain active and
reactive power exchanges by the converter with faulty cells, a
zero-sequence voltage is derived in this section.

Fig. 1 depicts the system configuration of a grid-tied solar PV
fed (2n + 1) level CHB converter. The system has three clusters
in star configuration which is connected to the balanced grid
through the filter Ly. One cluster is made of series-connected
identical cells. One cell consists of solar PV, isolated dc—dc con-
verter and H-bridge converter. A bypass switch after H-bridge
converter is used to bypass the cell under fault condition.

This article assumes that active power generated among
cells are equal in a cluster (i.e., Py = Pyo =" Pan =
Peva, Ppn =P =+ Pon = Ppve and P = Pp =
-+ Py = Ppy,., where n = number of cells in a cluster).
Hence, the cumulative power in the ith phase cluster is
P, =nPpy; Vi € {a,b,c}, and the total three phase power
is Py=P,+ P,+ P.. The dc-link voltage of each cell
Vacij G €{a,b,c}, and je{1,2,...,n}) is equal to k,
and the cummulative dc-link voltage of clusters are Vj;
Vdci(: Vaein + Vdci2+a BRRE) +Vacin = nvdcij = 'ka)

During one or more faults in a cell of a phase cluster, the
bypass switch is activated, and it excludes the faulty cells from

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 6, JUNE 2020

7 & 3 Grid
Lf Lf Lf
_| = ;§: : a b C
'Bypass
Switch
Q
o = = 5 5
= Va 2 2
S 3%_ 4@ Tl z E
Solar PV+DC/DC+H-Bridge g %
| Vao (0] Vbo 8 Veo
Cell a2| Ve é ki
Phase a Cluster ~ ~
Cell an j‘van
o
Fig. 1. Grid-tied solar PV fed CHB converter.
Converter ) L Grid
ala
Vao Vz / i L¢ Van
i W SRV N/ AU g o' oW\ W Nl =71
. L¢ L
h—» B0 || Ngs Y/ ey
07> QOp—> :
T Qg -
Fig. 2. Circuit diagram during the fault condition.

the converter. Now, two challenges come up: first, the active
power generated among the clusters becomes unequal; and
second, the cumulative dc-link voltage of the cluster becomes
unequal. The cluster powers are written as

P, =(n—n;)Ppy; Vi€ {a,b,c}. (D
And, the cumulative dc-link voltage of clusters is written as
Vaci = (n —ny)k Vi€ {a,b,c} 2)

where n; is the number of faulty cells in ith cluster.

Since the dc-link voltages of each cluster are unequal and
solar PV of each cell should operate at the maximum power
point, the output ac voltages from the cluster become unbalanced
and distorted. Hence, unbalanced grid currents are supplied to
the grid which is not allowed by the grid codes [23]. To make
the grid currents (I, = I, = I. = [, g) balanced, a zero-sequence
voltage (V) is injected. V, also ensures balanced line voltage
and balanced active and reactive power is injected in the grid.

The injection of V, during a fault in any cluster is depicted
in the circuit diagram in Fig. 2. In Fig. 2, it is assumed that
the grid phase voltages (vini € {a, b, c}) are balanced, and the
active power and reactive power absorbed by the grid is positive
(Py > 0and (), > 0). The phasor diagram during this condition
is shown in Fig. 3. In Fig. 3, the converter is supplying balanced
currents at a power factor v with grid voltages implying P, > 0
and @, > 0. V, is injected at an angle o to generate balanced
line voltages (dotted black lines).

An expression of V, is now derived. From Fig. 2, it can be
seen that the interaction of V, and the grid current I,, I3, and I..
generates active and reactive power. The active power produced
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Fig. 3.

Phasor diagram with faulty cell in phase a cluster.

by zero-sequence voltage inside the converter is the difference
in the power generated in the cluster and the per phase power
absorbed by the grid
P,, =Re{V_ I} =V.I,cos(a+"7)
P, 2P, —P,— P,

=P -FEA= " - 3
" 2m
Py, = Re{Re{V.I}}} = V.1, cos (a +7+ 3)
P, 2P, — P, — P,
"7 3 3 @
Similarly,
P, 2P. - P, - P,
Pcz:Pcfig:—b. (5)

3 3

Here, « is an angle between V,,, and V., v denotes a power
factor angle between grid current (I, = I, = I, = I.), and
grid voltage (V; = Van = Vi, = Vo), and I, is per phase grid
current, which is written as

by

= ———, 6
3V, cosy ©

Iy

From (4), one obtains

_VZIQ cos(a +7) B \/gVZIg sinfa +v) 2P, — P, — P,

2 2 3
(7)
Substituting (3) into (7), one gets
P.— P,
V.I,sin(a+ ) = . 8

It can be observed that (8) denotes the reactive power supplied
by the zero-sequence voltage for phase a. It can be written as

P, — P,

Qar = Img{V.I,} =V, I;sin(a+7v) = 75

9
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A similar analysis is done for the other two phases
2m P,—P,
,=Img{V, I} =V.[;sin|a+~v+ — | = ———
Qb g{ b} g ( Y 3 ) \/g
(10)
2 Pb — Pa
ez =Img{V, I} =V, I;sin|a+vy—— | =
(11)

From (3)—(5) and (9)—(11), it can be seen that P,, + P, +
P..=0and Q.. + Qp. + Q.. = 0. Thus, the sum of active
and reactive power generated by the zero-sequence voltage with
per phase grid current is zero. It means that V, does not provide
any extra power to the grid. The function of the zero-sequence
voltage is, therefore, to circulate excess power from one phase
to another.

By solving (3) and (8), the magnitude of zero-sequence volt-
age and angle « is given as

2V,
v, = =9S%0, [p2 4 P24 P2~ PP, — PP, — PP
Pg

12)
—7 4+ tan™! (%) for Qg >0

a=1{ y+tan (2@{’%) for Qg < 0 (13)
tan~! (%) forQ, =0

During fault condition, P, # P, # P,, a generalized expres-
sion of V. is depicted in (12). For solar PV fed converter, v can be
varied between —7 /2 and 7/2. For —m/2 < v < 0, the reactive
power is absorbed by the grid (lagging power factor), and for
0 < v < /2, the reactive power is supplied by the grid (leading
power factor). For cosy = 1, the expression of V, has been
reported in [25].

III. EFFECT OF AVAILABLE DC-LINK VOLTAGE ON ACTIVE
AND REACTIVE POWER CAPACITY OF CONVERTER

In addition to V,, the required voltage magnitude of some
clusters will increase while for some other it will decrease.
It might be possible that one of the required cluster voltages
exceeds the available cumulative dc-link voltage after bypassing
the faulty cells [6]. As a result, the converter will operate into
the overmodulation region which is not desirable because of the
generation of low-frequency harmonics. The required cluster
voltage, therefore, must be less than its available dc-link volt-
age. The expression of required cluster voltages during fault
condition is derived below.

The required phase cluster voltages under fault condition are
written as

Vao = Van+jWLfIa+Vz
=V, 04 jwLsl, / — v+ V, L«
Vo = Vbn+jw-LfIb+Vz

(14)

2 2
—V, 7/ —gﬂwafgz (—;—7> +V.Za
(15)
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Vcozvcn+jWLfIc+Vz
=V, 4—+]waI 4 ('y)+‘/zéoz. (16)

From Fig. (2), an apparent power supplied by the converter is
given as

Sa:VaoI* :Pa +an

?"' %g Paz +anz +]I92WLf (17)
Sy = VboIE =Py +jQs
Se=Veoli=P.+jQ.
From (17), the requlred cluster voltage for phase a can be
written as
2 Q 2 ?
w= T | = 7, - (20
Substituting the value of I, from (6) to (20), one obtains
Sa
Vao = | 7=
I
Q P, \? ’
3% cosy Pt% + (39 + Qaz + (BVg cgos'y> WLf>

PQ
21

Similarly, the required cluster voltage for phase b and ¢ are
obtained as

Sh
‘/bo - TT)
P 2 ?
3V, cosvyy | P2 + (%J + Q. + (m) wa>
(22)
Sc
V—co = |5
I
Q P )2 ’
3V, cosvyy| P2 + (3‘7 4+ Qcr + (W) wa>
— 2 )
(23)

Few observations are made from (21)—(23). Among all the
parameters, the magnitude of grid voltage (V) and grid interface
inductor (Ly) are fixed, and remaining parameters vary with
active power generated from the clusters (P,, P, and P,.) and
reactive power ((Q),) exchange with the grid. For example, the
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Fig. 4. Variation of peak value of cluster voltages with reactive power ex-
change with the grid. (a) Prefault. (b) Postfault n, =0, ny, = 1, and n, = 2.
(c) Extended linear modulation region with fault n, = 0, np = 1, and n, = 2.

power factor (cosy) varies with the active (P,) and reactive
power exchange with the grid. The active power generated from
the clusters is dependent on healthy cells available in the clusters.
The zero-sequence reactive powers (Qqz, @bz, and Q..) are
dependent on the power unbalance among the clusters.

The required dc-link voltage should be such that the required
magnitude of cluster voltages can be realized to prevent over
modulation. The required dc-link voltage during prefault and
postfault condition is explained in Section III-A.

A. Prefault Condition

In prefault condition, the active power produced from the
clusters (P, = P, = P.) are equal. Therefore, in (21)—(23), the
required cluster voltages vary with the change in (),. As the
demand for the reactive power increases, therefore, the required
dc-link voltage increases as shown in Fig. 4(a). To prevent over
modulation, the required cumulative dc-link voltage must be
more than required cluster voltage, i.e.,

Sy .
Vaei = nk > E‘/z’o(peak) Vi e (CL, b, C) (24)
where Vi, (peak) 18 equal to v/2 times the rms value shown in
(21)—(23) and m is the modulation index and S is the safety
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factor of each device. Here, k is the required dc-link voltage of
each cell of the clusters, i.e.,

Vdm-j:kz% Vi€ (a,bc), je(1,...,n). (25

The converter during prefault condition will operate steadily
with the value of k given in (25) for certain active and reactive
power exchange with the grid. The required value of k to prevent
overmodulation is shown with an example.

It is assumed that during prefault condition, total number of
cells is n = 10 and active power generated from each cell is
0.1 per unit (p.u.) and grid voltage V,;, = 1 p.u.. The required
cluster voltage are V,, = V3, = V., = 1.032 p.u. from (21)-
(23) assuming that @, = 2.25 p.u., Ly = 0.05 p.u., and P, =
P, =P, =1 pu. From (9)—(11), the zero-sequence reactive
power are Q.. = Qp, = Q- = 0 p.u. Therefore, the required
peak value of cluster voltages are Vio(peak) = Vio(peak) =
Veo(peak) = V2 %1.032 = 1.46 p.u. The cumulative dc-link
voltage is calculated from (24) by taking m = 1 and Sy = 1.1.
Hence, the cumulative dc-link voltage of the clusters is 1.6 p.u.,
and individual dc-link voltage of each cell is calculated from
(25) as k= 1.6/10 = 0.16 p.u.

B. Postfault Condition

During postfault condition some cells are bypassed. Hence,
the active power supply to the grid is reduced. The reactive power
exchange with the grid is likely to change because the converter
produces different magnitudes of cluster voltages. Hence, the
required dc-link voltage of the cluster will change. The required
dc-link voltage after bypassing faulty cells is written as

Sy(n—n,
Vies = (n — )k > 2L =)
m
Vao ea. VO ea. ‘/CO ea. .
xmax( (p k), bo(p k), (p k)> Vi€ (a,b,c).
n—mne Nn-—ny N—Ne

(26)

From (26), required dc-link voltage of each cell (k) is obtained
as

Vacij = k > imax (

V:w(peak) ‘/bo(peak) Vco(peak)>
m

n—mg N—np N —Ne
Vi € (a,b,c)and j € (1,...,n). (27)

Now, the required value of cumulative dc-link voltages is
shown with an example during a postfault condition.

It is assumed that some faults have occurred in the clusters
suchthatn, = 0,1, = 1,andn. = 2. The active power supplied
to the grid will reduce due to bypass of the faulty cells. Therefore,
from (1), the cluster powers are P, =1 p.u., P, =0.9, and
P, = 0.8 p.u. From (9)—(11), the zero-sequence reactive power
are Q.. = —0.057 p.u.,, Qp, = 0.115 p.u., and Q.. = —0.057.
Hence, all three cluster voltages become unequal [from (21)-
(23)]. Their peak values are Vi o(peak) = 1.50 p.u., Vio(peak) =
1.55 p.u., and Vp(peak) = 1.32 p.u. for @, = 2.25 p.u. The
cumulative dc-link voltages are calculated from (26) by putting
n=10,n, =0,ny = 1,n. =2,m =1, and Sy = 1.1. Hence,
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Fig. 5. PQ diagram of the converter.

Viea = 1.72 p.u., Viaep = 1.54, and Vye. = 1.37 p.u. The re-
quired dc-link voltage is calculated from (27) as k = 0.172 p.u.

From both the examples, it is found out that the required dc-
link voltage of each cell is increased from k = 0.16 p.u. to k =
0.172 p.u. for supplying ), = 2.25 p.u. to the grid.

If the dc-link voltage of cells is maintained the same in both the
prefault and postfault condition (k = 0.16 p.u.) then the amount
of reactive power exchange with the grid is limited.

For k = 0.16 p.u., the cumulative dc-link voltage of clusters
are Vyeq =0.16% 10 = 1.6 p.u., Viep = 0.16 %9 = 1.44, and
Vice = 0.16 x 8 = 1.28 p.u.

The converter supplies reactive power between Qg1 =
—0.78 p.u. and Q42 = 0.1 p.u. to the grid because the cluster
voltages are within their available cumulative dc-link voltage.
The region shown by two-line passing through A and B in
Fig. 4(b) is the converter operating region. If (), is between
A and B, the converter operates in linear modulation region.
If Qg is outside the shaded region, the converter operates in
overmodulation region that results in unbalanced and distorted
grid currents.

This narrow region can be extended by using a novel PWM
clamping strategy which is explained in Section I'V. Using this
strategy, the linear modulation region is increased. Therefore,
the reactive power exchanging capability of the converter is
extended. In Fig. 4(c), it can be seen that the converter can supply
reactive power up to 2.4 p.u. using the novel PWM technique
which in Fig. 4(b) was only 0.1 p.u.

The operating region in the PQ diagram of the converter
during prefault and postfault is shown in Fig. 5.

The maximum apparent power exchanged with the grid can

be written as
Sg,max =/ PgQ + Qg

In the prefault condition, the operating region in the PQ
diagram of the converter is between point A; and Bp, where
the converter supplies Pg ratea = 3 p-u. active power and ex-
changes Qg ratea = £2.25 p.u. reactive power with the grid. In
the postfault condition, the operating region in PQ diagram is
reduced which is shown between point A and B. In this region,
the converter supplies Py; = 2.7 p.u. and can exchange limited
reactive power between (041 = —0.78 p.u. and Q42 = 0.1 p.u.
due to available dc-link voltage of the clusters. The operating
region between points A and B can be extended to points C

(28)
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and D using a novel PWM clamping strategy, to be explained
in Section I'V. Now, the converter can exchange reactive power
between Qg3 = —2.6 p.u. and Qg4 = 2.4 p.u.

IV. NOVEL PWM STRATEGY

In this section, a novel PWM clamping strategy is used so that
the reactive power capability of the converter is extended.

Asseenin Fig. 4(b), the magnitude of some of the cluster volt-
ages increases when more reactive power is supplied to the grid
in a postfault condition. Thus, there is a possibility of converter
working in the overmodulation region. On the other hand, with
limited available cumulative dc-link voltage during the postfault
operation, the converter exchanges limited reactive power with
the grid to avoid overmodulation. The overmodulation can be
suppressed and reactive power exchange can be extended by
increasing the linear modulation region through a novel PWM
clamping strategy. This strategy restricts the reference voltages
within the available dc-link voltage.

The overmodulation of CHB converter is confirmed if |v;,| >
Vci. To prevent over modulation, the reference voltage is mod-
ified according to the clamping strategy (see Fig. 6).

In each phase, the maximum and minimum instantaneous sig-
nals are extracted from the reference v;, and cumulative dc-link
voltage Vj.;; addition of these two signals, v;; is obtained as

V¢ = max(vio, Vaei) + min(vio, —Vaei) Vi € {a, b, c}.

(29)
The common mode signal v; is computed as
Ve = Z Vit- (30)

This signal is subtracted from the reference v;, in order to get
the modified PWM reference v;,*, i.e.,

3D

Assume, for the fault condition n, = 0, np = 1, and n. = 2,
the converter supplies P; = 2.7 p.u. and Q)4 = 2.25 p.u. to the
grid. The available dc-link voltages are Ve, = 10k = 1.6 p.u.,
Viaer = 9k = 1.44, and V.. = 8k = 1.28 p.u., where k = 0.16
p.u. From (21)—(23), the reference voltage of the converter (v;,)
are obtained as shown in Fig. 7(a). It can be seen that vy,
and v, cross their available dc-link voltages of 9k and 8k,
respectively. This leads to the overmodulation operation causing
unwanted harmonics to appear at converter output voltages. In

*
Vi, = Vip — Ut.
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Fig. 7.  Waveforms for n, = 0, n, = 1, and n. = 2. (a) Reference voltage
for converter (v;,). (b) Waveforms using proposed control method: modified
reference (v;,%) and modified zero-sequence voltage (vz,1).
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Fig.8. Control diagram of the grid connected CHB converter during fault with
exact zero-sequence voltage tracking.

the clamping strategy, the waveform part in vy, above 9k p.u.
and the waveform part in v, above 8k p.u. are clamped.

To insert the exact magnitude and phase of v,, a control
scheme is proposed in Fig. 8. The main focus of this control
strategy is to insert v, according to (12) and (13), given as v}.
Note that v} from (12) and (13) consists of only fundamental
frequency voltage, however, it may be possible to add additional
harmonics in v, [7], [21], [22]. In the control scheme (see
Fig. 8), a clamping block is added in conventional control of
CHB converter [27]. First v, ; is calculated as

Vz,1 = (U:;,o + UZO + UZO)/g' (32)

Here, v, 1 contains fundamental and higher harmonic volt-
ages. The fundamental voltage (v, f71) is extracted from v, ; and
given to the error minimizer block with reference v7. The output
signal of error minimizer block is added with the reference volt-
ages to generate three signals for clamping block. The modified
reference voltages (v;,) shown in Fig. 7(b) are obtained from
the clamping block which are equal and lower than their dc-link
voltages. The zero-sequence voltage (v, 1) needed for clamping
is shown in Fig. 7(b) that has same fundamental magnitude and
phase given in (12) and (13).
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Simulation results for n, = 0, ny, = 1, and n. = 2. (a) Active power of each cluster. (b) Grid voltages. (c) Grid currents. (d) Three-phase active and

reactive power. (e) Cluster voltages. (f) Reference voltage for the clusters. (g) Zero-sequence voltage. (h) DC-link voltage of each cluster.

TABLE 1
SIMULATION AND EXPERIMENTAL PARAMETERS
Description Parameter Simulation Experimental
Values Values
Rated active power P, 10 MW (3 pu) 1 kW
Rated reactive power O, 7.5 MVAR (2.25 0.75 kVAR
pw)
Line to line Grid Via 6.6 kV (1.732 pu) 150 V
voltage
No of cells in a cluster n 10 3
DC link voltage of a Vaej 6.1 kV (1.6 pu) 144V
cluster
Each cluster active P; 3.33 MW (1 pu) 333 W
power
Phase grid voltage Ve 3810.51 (1 pu) 86.60 V
Switching frequency fow 1.6 kHz 1.6 kHz
of a device
Inductor Ly 0.05 pu 0.05 pu

V. SIMULATION RESULTS

The operation of solar PV fed CHB converter during pre-
fault and postfault conditions is presented through MATLAB/
Simulink software. In the simulation, solar PV with dc—dc
converter is considered as a controllable current source [7]. The
simulation parameters are given in Table 1.

Fig. 9 explains the operation of solar PV fed CHB converter
during prefault and postfault conditions. From r = 1 s to t =
1.05 s, the converter operates without any fault. The active power
generated from the clusters are P, = P, = P. = 1 p.u. There-
fore, the converter output voltages and currents are balanced as
shown in Fig. 9(e) and (c), respectively.

Now, faults have occurred in the clusters such that n, = 0,
ny = 1, and n. = 2. It means that one cell in phase “b” and

“w . »

two cells in phase “c” are faulty, therefore, they are bypassed.
The active power generation from the clusters are now P, =
1 p.u., P, =09p.u., and P. = 0.8 according to (1) as shown in
Fig. 9(a).

From r = 1.05 s to r = 1.1 s, after bypassing the faulty cells,
the reference voltages of the cluster get unbalanced, and some
of the reference voltages exceed their dc-link voltage as shown
in Fig. 9(f). Therefore, the converter injects unbalanced currents
into the grid [see Fig. 9(c)].

From r = 1.1 s to t = 1.15 s, the zero-sequence voltage is
injected according to (12) [see Fig. 9(g)]. The reference voltages
now come within their dc-link voltage [see Fig. 9(f)]. Now, the
grid currents are balanced [see Fig. 9(c)]. In this condition,
the converter supply P, = 2.7 p.u. in the grid as shown in
Fig. 9(d).

From t = 1.15 s to 1.25 s, the converter supplies both active
and reactive power (Py = 2.7 p.u. and Q4 = 2.25 p.u.) to the
grid as shown in Fig. 9(d). Because of the supply of reactive
power, fromr= 1.15 sto r = 1.2 s, the reference voltages exceed
their dc-link voltage. Therefore, the grid currents again become
unbalanced.

Now, the proposed PWM clamping strategy is used from
t = 1.2 stot = 125 s. The reference voltages are restricted
within their dc-link voltage. Therefore, the grid currents become
balanced [see Fig. 9(c)]

VI. EXPERIMENTAL RESULTS

A laboratory setup is used to verify simulation results of
the fault-tolerant operation of the three-phase grid-connected
seven-level CHB converter. In the prefault condition, the
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Fig. 10. Waveforms for n, = 0, np = 0, and n. = 1 with injection of reac-

tive power without PWM clamping strategy. (a) Reference voltages and zero-
sequence voltage. (b) Cluster voltages (100 V/div) and zero-sequence voltage
(100 V/div). (c) Line voltages of the converter (200 V/div). (d) Three-phase grid
currents (10 A/div) and grid voltage (50 V/div). (e) Active and reactive power
injected into the grid.

experimental parameters are given in Table I. The PWM signals
for the CHB multilevel converter are produced from the combi-
nation of the TMS320F28335 Delfino microcontroller and Max
10 field-programmable gate array (FPGA) controller.

To validate the concept, the experimental results shows for
ng = np = 0and n, = 1. In Fig. 10, the converter is supplying
active power P, = 888 W and reactive power (0, = 90 VAR
to the grid. In this condition, A zero-sequence voltage [from
(21)—(23)] is injected to obtained required cluster voltage ref-
erences as shown in Fig. 10(a). It can be seen that the peak
of cluster voltage references is within their dc-link voltage.
The unbalanced cluster voltages and zero-sequence voltage are
shown in Fig. 10(b). The line voltage obtained from the converter
is balanced [see Fig. 10(c)]. The grid currents are balanced, and
somewhat lagging to the grid voltage in Fig. 10(d). Fig. 10(e)
shows active and reactive power injected into the grid.

Now, the converter is supplying active power P, = 888 W
and reactive power (), = 600 VAR to the grid. Some of the
required cluster voltages exceed their dc-link voltage. So the
PWM clamping strategy is used. It can be seen in Fig. 11(a) that
the required cluster voltage is limited to their dc-link voltage
and zero-sequence voltage is also shown. The output voltage of
the clusters and zero-sequence voltage are shown in Fig. 11(b).
In this condition, the line voltage still balanced as shown in
Fig. 11(c). The grid currents are still balanced and lag to the
grid voltage as shown in Fig. 11(d).

VII. CONCLUSION

The grid-tied CHB multilevel converter for the solar PV
system has been discussed during cell fault in the cluster. The
zero-sequence voltage has been analyzed and derived when the
converter exchanges certain active power and reactive power
with the grid. The mathematical expression of the required dc-
link voltage to prevent overmodulation region has been derived.
It is shown through simulation and experimental results that the
zero-sequence voltage can extend the reactive power capability
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Fig. 11.  Waveforms for n, = 0, np, = 0, and n. = 1 with injection of reac-
tive power without PWM clamping strategy. (a) Reference voltages and zero-
sequence voltage. (b) Cluster voltages (100 V/div) and zero-sequence voltage
(100 V/div). (c) Line voltages of the converter (200 V/div). (d) Three-phase grid
currents (10 A/div) and grid voltage (50 V/div). (e) Active and reactive power
injected into the grid.

of the converter as well as balance the unbalanced voltages. A
novel PWM clamping strategy is also proposed and verified that
helps to prevent overmodulation operation of the converter.
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