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Control Strategy of Single-Phase Active Front-End
Cascaded H-Bridge Under Cell Fault Condition

Yoon-Ro Lee
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Abstract—Cascaded H-bridge (CHB) inverter is the most widely
used topology for a medium-voltage drive system due to the high
degree of modularity, easier implementation of medium output
voltage, and the ability to continuous operation under the cell fault
condition. Because each power cell of CHB should have isolated
dc source, multiwinding input transformer and three-phase active
front end (AFE) are generally used for regenerative applications.
The whole system can be simplified by replacing the three-phase
AFE with single-phase AFE. However, if the control strategy of
normal operation is adopted under the cell fault condition, input
power imbalance among three phases inevitably occurs. In that sit-
uation, not only faulty cells, but also some unscathed cells should
be excluded with giving up the maximum capability of the sys-
tem, not to deteriorate grid current. This paper proposes a control
scheme against the cell fault condition of the single-phase AFE
CHB. By applying the proposed control scheme to the system, dc-
link voltage of each cell and grid current are well regulated without
imbalance even under the cell fault conditions. Finally, it can min-
imize the number of undamaged cells which should be turned OFF
and maximize the capability of the system under the cell fault con-
dition. Simulation and experimental results are provided to verify
the effectiveness of the proposed scheme.

Index Terms—Active and reactive coordinate transformation
(ARCX), current control, dc-link voltage control, fault operation
pair, negative sequence current control, normal operation pair,
power factor, three-phase balanced grid current.

I. INTRODUCTION

NE of the most widely used multilevel inverter topologies
O for medium-voltage (MV) drive is the cascaded H-bridge
(CHB) inverter [1]. CHB inverter has several advantages such
as high degree of modularity, easier implementation of medium
output voltage with relatively low voltage components, low cur-
rent harmonic distortion, and higher availability [2]-[4]. In ad-
dition, one of the most notable features of CHB topology is that
it could be continuously operated under the cell fault condi-
tion. The cell fault, conventionally considered in CHB systems,
can be categorized as dc-link overvoltage (OV) or undervoltage
(UV) fault, junction over-temperature (OT) fault, arm-short or
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saturation fault of the switching components. Malfunction of the
control algorithms and the wear out of capacitors or switching
components can also cause cell faults. OV and UV fault can
be easily recognized by the dc-link voltage sensors. OT fault
can be recognized by negative temperature coefficient thermis-
tor. Arm-short and saturation fault of the switching components
can be recognized by the gate drivers. If any types of faults are
detected in any power cells, the faulty cells are immediately de-
tached from the system by bypassing the output terminals and
blocking the switching signals [5]. The bypassing procedure
could be achieved by a few kinds of external switches, such as a
magnetic contactor, a spring-loaded contact, antiparallel thyris-
tors (SCRs), and series transistors [6]. After the faulty cells are
removed by these procedures, any control algorithms of CHB
against the cell fault could be applied and the CHB can oper-
ate in its limited capability with available healthy cells. There
have been several studies about the modulation strategy of the
CHB inverter to keep the three-phase balanced line-to-line out-
put voltage under the cell fault condition [6], [7]. As the results,
the system availability would increase significantly.

On the other hand, regenerative capability is required in
several loads such as downhill conveyors and mill drives [8].
Generally, regenerative CHB consists of a multiwinding input
transformer and a three-phase active front-end (AFE) rectifier.
To reduce complexity of the system and production cost, single-
phase AFE CHB topology for MV drive was introduced [9].
It can reduce the number of secondary windings of an input
transformer to one-third and the number of legs per one power
cell to four-fifth, compared with the three-phase AFE CHB. The
whole structure of the single-phase AFE CHB that consists of
two stages is shown in Fig. 1, with its power cell structure.

As shown in the Fig. 1, the output structure of the single-
phase AFE CHB is exactly the same with conventional CHB
topologies. Therefore, load control algorithms of the conven-
tional CHB can be equally applied to the single-phase AFE
CHB. Even if it operates under cell fault conditions, that the
faulty cells are detached from the system and their output ter-
minals are bypassed, the conventional strategies against the cell
fault of load side, which are referred in [6] and [7], also can be
employed.

However, the input structure of the single-phase AFE CHB is
different from that of three-phase diode front-end (DFE) CHB or
three-phase AFE CHB. Accordingly, a novel control method of
input power and dc-link voltage for single-phase AFE CHB has
been proposed [10]. This method divides the entire system into

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1.  Circuit of single-phase AFE CHB and its power cell structure.

stages and performs the input power control and dc-link voltage
control in individual stages independently. In this paper, one
stage is denoted as a normal operation pair, and the three-phase
input current of the pair is controlled as three-phase balanced
current by the method. However, if the cell fault occurs and some
faulty cells are disconnected from the single-phase AFE CHB,
there could be some healthy power cells which cannot mate
the normal operation pair with any other power cells. Then, the
control method for the normal operation pair [10] cannot be
adopted to the unfortunate power cells for their input power and
dc-link voltage control. Under this situation, each unfortunate
cell could drive its input structure as an independent single-phase
H-bridge converter with any conventional single phase input
power control schemes such as [11]. Then, all of the healthy
cells under the cell fault condition could be used. Therefore,
the maximum utility of the system could be achieved by not
detaching any healthy cells and the magnitude of the output
voltage can be extended as much as possible. However, unlike
the conventional three-phase DFE CHB or three-phase AFE
CHB, the independent input power control of a single power
cell would cause the severe deterioration of the grid current
with huge amount of negative sequence current. Accordingly,
this method cannot be an option.

The only available suggestion for the single-phase AFE CHB
under the cell fault would be maintaining the number of cells
per each phase as the same, by detaching not only the faulty
cells but also some healthy cells from the system. As the results,
the control strategy for a normal operation pair [10] can be
adopted for the system even under the cell fault condition with
three-phase balanced grid current. However, in the suggestion,
the system cannot synthesize maximum output voltage and cell
usage is significantly degraded. It makes the capacity of the
single-phase AFE CHB be reduced seriously.

Therefore, a novel reconfiguration scheme with new control
methods of input power and dc-link voltage for a single-phase
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Fig. 2. Input transformer and single-stage input structure of single phase
AFE CHB.

AFE CHB system is proposed in this paper to guarantee its
maximum output voltage range and power capacity under cell
fault conditions. Besides, even under the cell fault condition,
with the proposed method, dc-link voltage of each cell is suc-
cessfully regulated as its reference value and all three-phase grid
currents are also well balanced.

II. ANALYSIS OF CELL FAULT CONDITION AND
RECONFIGURATION STRATEGY

To simplify analysis about the relation between the grid cur-
rents, 4,1, %1, and 7.1, and the converter currents, i,9, 752, and
1.9, the single-phase AFE CHB is configured as single stage as
shown in Fig. 2. Also, it is assumed that transformer is ideal,
which has no excitation current, no leakage fluxes, no losses,
and balanced three-phase windings. The primary delta wind-
ing currents, 441, 41, and i.41, are coupled with the converter
currents, 4,2, ip2, and 4.0, respectively. Grid phase voltages are
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Fig. 3. Two kinds of cell fault conditions in a single-stage system. (a) One cell fault condition. (b) Two cells fault condition.

represented as e, , e, and e... The primary side of the input trans-
former is connected in delta winding to handle third harmonic
current from the excitation current of the transformer. If V; and
Ny are the numbers of turns in the primary winding and the
secondary winding, respectively, the relation between grid cur-
rents and converter currents can be described as follows under
the assumption of an ideal transformer

. . . Ny . Ny .

lal = tabl — leal = E%Z - EZ(;Q

S . Ny Ny .

W1 = el — tabl = Em - EZaZ

icl = ical - Z.bcl = &7;(’,2 - &ibQ- (1)
N N

The circulating current of delta winding, 7., could be rep-
resented with the converter currents as

icirc - W - ?;]VTQI : (i(ﬂ + ib? + ic?) . (2)

If the converter current is controlled as three-phase balanced
current, the circulating current would be zero.

On the other hand, analysis about the cell fault conditions
which can occur in a single-stage system would be carried out
with (1). Fault conditions can be classified into two types ac-
cording to the number of faulty cells in a stage, as shown in
Fig. 3. Fig. 3(a) shows one cell fault condition. In this figure,
because a cell of C phase is a faulty cell, the input terminal of
the faulty cell is disconnected from the grid and input current
of the faulty cell, 7.2, becomes zero. Therefore, in this case, (1)
can be rewritten as

) Ny
lgl = —1iq
A
) Ny . Ny
i = ——ipy — —1iq
b=y, e Ty e
. Ns .
el = 7722},2. (3)

In that situation, the remaining converter currents, 7,0 and
iy, are proposed to be regulated as

g2 = I, cos (wt + @)
ive = Iy, cos (wt — 60° + ¢). 4)

Then, the grid currents, 4,1, %1, and ¢.;, can be represented
as (5), by substituting (4) into (3)

N-
fgl = ijm cos (wt + ¢)

N
iy = FQIW (cos (wt — 60° 4 ¢) — cos (wt + ¢))
1
_ N

N, I, cos (wt — 120° + ¢).

N-
Gl = ——=21T,, cos (wt — 60° + o)
N,

N.
= 21, cos (wt + 120° + ¢). 5)
Ny

Based on this analysis from (3) to (5), the grid current could
be regulated as three-phase balanced current in one cell fault
condition, if converter currents of the two remaining cells
are regulated with the same magnitudes and 60° phase delay
like (4).

Fig. 3(b) shows the two cells fault condition. Because the cells
of B phase and C phase are faulty cells in this figure, 750 and 7.9
become null. Therefore, (1) would be rewritten as follows:

. Ns .
lal = 77 ta
1 N, 2
Ns .
iy = ——1g
h N,
Z.(:1 = 0. (6)

In this case, it is impossible to make the grid current of three
phase be balanced by the only remaining secondary-side current,
142. Thus, the unscathed A cell should be disconnected, not to
produce any negative sequence current on the grid side.

Consequently, in this paper, the control strategy of single-
phase AFE CHB under cell fault condition is proposed in the one
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cell fault condition, and the two healthy cells in the condition are
defined as a fault operation pair. Also, it is proposed to regulate
the converter currents of the fault operation pair with the same
magnitudes and 60° phase delay. However, the fault operation
pair would induce the circulating current by substituting (4) into
(2), expressed as

N2
3N,

Leire =

Ny
(g2 +ip2) = —— L Lo — 30°. 7
(Ga2 + ip2) 73N, ¢ @)
If the number of fault operation pairs in the single-phase AFE
CHB is IV, the circulating current would be represented as (8)
by using the superposition law, and the magnitude could be
described as follows:

N
Z I’mnl(ﬁn - 300. (8)

n=1

. Ny
leire = —=
circ \/gNl

N
Z Imn éd)n - 300 .

n=1

€))

icee] = 2
leire| = —F=
V3N,

On the other hand, as aforementioned, in the two cells fault
conditions in a stage, it is unavoidable to shut down the healthy
cells. To minimize these cases, it is necessary to reconfigure the
remaining healthy cells into the new normal operation pairs and
fault operation pairs. As an example, in the case of CHB with
five stages, if one faulty cell is in B phase and two faulty cells
are in C phase as shown in Fig. 4(a), then it can be denoted as
5-4-3 fault condition, where “5-4-3" denotes number of remain-
ing healthy cells in corresponding phase.

Before the reconfiguration of healthy cells as Fig. 4(a), normal
operation pairs (A3, B3, C3), (A4, B4, C4), (AS, BS, C5), and
a fault operation pair (A2, B2) are controlling their own input
power and dc-link voltages, while the grid current maintains
three phase balanced by using the proposed current equation
(4). However, there is no reserved cell to make any pair with A1l
cell, so it was expected to be shut down.

However, after the reconfiguration as shown in Fig. 4(b), C3
cell can be migrated from a normal operation pair (A3, B3, C3)
to the first stage, where only A1 cell is available. The migration
makes a new fault operation pair with A1 cell, and the remaining
A3 and B3 cells would be recombined as a fault operation pair

Cells reconfiguration examples of (a) 5-4-3, (b) 5-4-3 (reconfigured), and (c) 5-3-1 (reconfigured) fault condition.

intentionally. Because there is no electrical connection among
the input structures of power cells, but just magnetic connections
through the input transformer, each power cell can be easily
reconfigured from an original pair to another operation pair by
manipulating its input voltage command, which is synthesized
by the input H-bridge of the power cell. Finally, all unscathed
cells can be used and it can maximize power capacity of the
CHB converter under 5-4-3 cell fault condition.

Fig. 4(c) shows 5-3-1 fault condition. In this figure, even if
power capacity is maximized by the reconfiguration, Al cannot
make any operation pair. Therefore, in this case, the healthy cell,
Al, should be turned OFF inevitably.

On the other hand, the cell fault rate of a single-phase AFE
CHB with five stages, which consists of 120 IGBTs and 15
dc-link capacitors, can be calculated as 140.93 [failure/ 100 h],
[12]. It means that the possibility of the fault is 1.22 per a year.
CHB topologies are often employed in power plant, fan and
pump for manufacture factories. Therefore, stall of the system
may cause stall of whole factory or plant. In order to prevent
the cost penalty, it is necessary to figure out the strategy against
such fault. And the proposed reconfiguration method would be
helpful to increase the availability of the system under such a
cell fault.

III. IMPLEMENTATION OF FAULT OPERATION

In single-phase AFE CHB systems, the three cells in a nor-
mal operation pair have the same power consumption. But in
a fault operation pair, power consumptions of the two cells are
generally different. This phenomenon would be explained in
Section IV. Therefore, without proper dc-link voltage control,
difference of the two dc-link voltages in a fault operation pair
would become larger. It would make the CHB converter be
stalled by OV or UV faults. To act against to this dc-link voltage
unbalance, a dc-link voltage control method with input current
control should be devised in fault operation pair.

A. Definition of Active Current and Reactive Current

In case of balanced grid voltage, phase angles of the grid
phase voltages, e, €5, and e, can be denoted as 0°, —120°, and
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120°, respectively. In addition, balanced three-phase current in
the grid can be guaranteed by regulating converter current as (4).
142 and 759 described in (4) can be divided into two quadrature
components as

a2 = Ipy, cos (wt) + Ig, cos (wt —90°) = iaq2 + iRa2

iv2 = Ipy cos (wt — 60°) + Iy, cos (wt — 150°)
(10)

Then, active current is composed of 74,2 and 7432, Which
are defined as the first terms of (10), where Ip,, is defined as
the magnitude of the active current. When the active current
transformed into grid side by (5), balanced three-phase current,
which is in phase with the grid voltage, is induced. Therefore,
the active current can take active power from the grid.

Meanwhile, reactive current is composed of ip,o and igp0,
which are defined as the second terms of (10), where I, is
defined as the magnitude of reactive current. When the reactive
current transformed into grid side by (5), three-phase balanced
current which is quadrature phase with the grid voltage is in-
duced. Therefore, the reactive current can take reactive power
from the grid.

If 7,0 and 4> are regulated well as described in (4), Ip,,
and I, can be reversely calculated as (11). This calculation is
called as active and reactive coordinate transformation (ARCX)
in this paper

= iAp2 + iRb2-

Ip,, = 149 - cOswt + ( -sinwt

V3 f)

. . 2 . 1 .
Iom = tg2 -sinwt — (\/g’tag — \/§Zb2> -coswt.  (11)

By using definition of the currents and ARCX, intuitive re-
lation between grid current and converter-side current can be
represented as Fig. 5. The grid current is transformed into d-
and g-axis current on the synchronous reference frame as ig;
and ¢, [13]. These currents have arelation with Ip,,, and I, as
ig = Ny /Ny - Ip,, and i, = No /Ny - I, asshowninFig. 5.
It matches with the meaning of d, ¢ axes current where each
d- and g-axis current controls reactive power and active power,
respectively.

For the analysis of power consumption by the active and
reactive current, phase diagrams can be depicted as shown in
Fig. 6. Line-to-line voltages in grid, e,; and ey, are transferred
to the secondary side of the input transformer as v, and vy, as
depicted in Fig. 3(a). Phase angles of e,; and e are set as 30°
and —90° by the phase angles of the grid phase voltages defined
above. The phase angles of e, and e;. are the same with the
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Fig. 6. Phase diagrams of (a) active current and (b) reactive current.

phase angles of v, and vy, respectively. The magnitude of grid
phase voltage is notated as F),,, then the magnitudes of e,; and
ey are determined as v/3E,,, and the magnitudes of v, and v
are determined as /3 X,—f FE,,, . Referring to the phase diagrams,

average power consumed by active and reactive current in each
cell can be derived as follows:

—
i 3 N 3 N
PAa = 71}& ;AaZ = {NQ Emlpm COS (300) 4N2 EmIPm
—
U, iaps V3N, 3 No
P = E I m 300 E I m
n 5 T, pm cos (—30°) = iN, P
(12)
— T
Vo * TRa \[N o
Pp, = (TRQ =5 N2 E,, 1oy, cos(120°)
N
= [ N2 Em IQm
— T
vy LRY V3 N . V3 N
PRb:%— B NQEmIQm CcoS (60) 4 N2E7erQ7"'
(13)

P4, and Py, the average power consumptions of A and B phase

cells by the active current, can be derived as (12). Because P4,
and P4, are the same with each other, the active current can be
used to control the average of dc-link voltages of the two cells.
Meanwhile, Pr, and Pg;, the average power consumptions of A
and B phase cells by the reactive current, are given as (13). Sum
of Pr, and Ppgy is null, because their magnitudes are the same
and their signs are opposite. Therefore, the reactive current can
be used to control the difference between the dc-link voltages
of the two cells. As the result, by adjusting active current and
reactive current, dc-link voltages of a fault operation pair can be
controlled independently, while maintaining the grid current to
be balanced three-phase sinusoidal current.

B. DC-Link Voltage Controller

Purpose of the dc-link voltage control is to regulate dc-link
voltages of a fault operation pair as a reference value under
any load conditions. The proposed dc-link voltage controller
is composed with two parts: average dc-link voltage controller
and dc-link voltage-balancing controller. The average dc-link
voltage controller keeps average of the two dc-link voltages as
the reference value by regulating the active current. The dc-link
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voltage-balancing controller suppresses the difference between
the two dc-link voltages by regulating the reactive current.
Average dc-link voltage controller, as shown in Fig. 7, is
implemented based on the integral-proportional (IP) controller
to prevent overshoot. Its loop equation can be derived as follows:

_IPm* = - va Vchavg + Kiu (V;ic;wg* - V;lc,avg) dt
3N2
P, / 14
+ Fout 2N1 (14)

For the gain setting of K, and K,,,,, control loop analysis for
the case of C phase cell fault condition as Fig. 3(a) is consid-
ered. The differential term of the energy stored in the dc-link
capacitors can be represented as

d (Cqye Cq
% < 2L VdgcA . Vd(B)

In this equation, Cy. is the dc-link capacitance, and V.4 and
Viep are dc-link voltages of A and B phase cells, respectively.
P, is the input power from grid and P,y is the output power
released to the load. The total input power is determined as
P, = _(PAa + Py + PR{L + PRb) = _%EmIPm- If Vica
and Vycp are well regulated according to their reference, Vie_ave ™
the two voltages are almost same and it can be assumed as

Py — Py = (15)

‘/::12CA ~ VdQC,B ~ VdCA . Vzch~ (16)
Then, (15) can be rewritten as

d Cdc Cdc
Py — Pour = o <2Vd20A + 2VdQcB>

d Vvch + Vch ’ dVdc,av 2
R Cpe— | ———2 ) = Cge———8
e at ( 2 ) T
(17)

If Vic_ave 1s varying near a steady-state value, Vo, then the
control loop equation can be derived as (18) under the small-
signal analysis

AV e dVac..
c SEE = 2C, CV AR = Pin - Pou
d dt de Vdo dt t
3N,

Em ( Kpuvdc _avg + Ku / Vd( avg - V:ic@\g)dt>
(18)

2N
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Fig. 8. DC-link voltage-balancing controller for a fault operation pair.

Then, the transfer function of the controller can be expressed
as a form of second-order low-pass filter

Vdc,avg(s) _ ~ CacVao
CacVao CacVao

2
Wn

— : . 19
$2 4+ 2Cwy, s + w,? (19

Finally, IP gain of the controller can be represented with
natural frequency and damping factor of the transfer function as

4N CqcVao
3NLE,,

9 4N1Cqc Vo

K,, =2Cw,
e Cw 3N2Em

Ki, v = Wp (20)

Viio is recommended to be the reference voltage value, Ve avg "
Finally, the control bandwidth would be determined by [13] as

e =wn (1 -2 + VAT — A 12, @)
DC-link voltage-balancing controller can be implemented based
on the PI controller as shown in Fig. 8. As aforementioned, pur-
pose of the controller is to nullify the difference between V.4
and V., Vaire. However, there is an uncontrollable disturbance
from fluctuation of each dc-link voltage due to second-order
harmonic of the grid frequency and that of load operating fre-
quency. The reason of the fluctuations is the oscillation of power
inherent to a single-phase structure of H-bridge used for gird and
load connection. For instance, if the grid frequency is 60 Hz and
the load frequency is 45 Hz, then there should be 120 and 90 Hz
ripples in all dc-link voltages of the single-phase AFE CHB
system. The second-order harmonic components are physically
impossible to be controlled by any control algorithm; therefore,
notch filters for the two frequencies can be installed to block the
components in the control loop. On the other hand, the reason
why these notch filters are not used in average voltage controller
is that the second-order harmonic ripples of Vg4 and Vg p can-
cel each other when Vi ave = (Viaea + Vaen)/2 is calculated.

Finally, the dc-link voltage-balancing controller loop equa-
tion is expressed as

Ign™ = Ky (Vaig ™ — Vain) + Kip / (Vaie™ — Vaig ) dt
(22)
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Difference between energies stored in the dc-link capacitors
can be represented as

d (Cyc Cac
% <2(CV<12(:A - 2((Vd2(:B> = PiILA - Pin,B
\/gEmN
:(_PAa_PRa)_<_PAb_PRb): 2IQm-
2N,

(23)

P4 and P, p are the cell input power of A and B phase
cells, respectively. Assuming that V.4 and Vg.p vary near a
steady-state value, Vg, (24) can be derived from (23) by using
small-signal analysis

d [ Cqec Cle d
7 ( ; Viia— 21 ‘/;12(:B> = Cchdoa(Vch — Vaen)

= CacVio— Vaisr - (24)

dt

Then, the relation between I, and Vg can be extracted
from (23) and (24) as

2N, d
i NN VAL v
V3E, N, < ar "

If Iy, is well regulated as Iy, ", (22) and (25) can be com-
bined and (26) can be obtained

IQ m = (25)

* Vi -

Ky (Vaig™ — Vi) + Kip it .
N

\/gEmNZ

Finally, the transfer function and PI gain of balancing con-
troller can be derived as (27) and (28), as a form of second-order
low-pass filter

CacVaosVaig - (26)

Vi (8) _ Kyys + Ky,
Vdiff*(S) ﬁ(]dcvdos? + K5 + Ky,
2Cwn S+ wy 2
= - - 27
52 + 2w, s + wy? 27
where
2N 2N,
Kpp = 2Cwy, W:N?Cdc‘/;lo, Kip=w,’ mcdcvdw
(28)

Also, Vyq is recommended to be set the same with Vi ave ™

C. Current Controller With ARCX

Outputs of the two kinds of dc-link voltage controllers, —Ip,,
and I, ", are used for the inputs of a current controller. Block
diagram of a current controller can be represented as shown in
Fig. 9, where w, is electrical angular speed of grid voltage and
L is input inductance.

At the input part of the controller, converter current ¢, and
132 are transformed into Ip,, and Ip,, by the ARCX. PI con-
trollers can be employed for feedback current control, similar
with conventional d, g axes PI current controller [14]. The PI
gain also can be set in a conventional way. The proportional gain
is set as Lw,. and the integral gain, as Rw,., where L and R are
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Fig. 9. Block diagram of the current controller for a fault operation pair.
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Fig. 10.  Subtraction of the grid voltage and its feedforward voltage.

input inductance and resistance of the system, respectively, and
wee 18 bandwidth of the current controller.

In the conventional controller, a feedforward term for com-
pensating grid voltage is added on g-axis voltage before the
inverse coordinate transformation. However, in the proposed
current controller, feedforward voltages for compensating the
grid voltage should be added after the inverse coordinate trans-
formation. Because the grid voltages transferred to the converter
side, v, and v, have the same magnitude but 120° phase angle
difference, the voltages cannot be expressed in the active and
reactive coordinate system. Only the two components that have
the same magnitude and 60° phase delay can be expressed in
the active and reactive coordinate system.

D. Negative Sequence Current Controller

The grid voltage would be compensated by precalculated
feedforwarding term in the current controller. However, due
to delay of digital signal processing of the proposed current
controller, the grid voltage cannot be perfectly decoupled in the
controller as shown in Fig. 10.

In Fig. 10, the sinusoidal green line is one of the transformer
secondary-side voltage, v, , and the red line is its feedforwarding
term, v, g, which is sampled with digital delay. Then, the blue
line, v, e, Which is subtraction of v, and its feedforwarding
term, appears as grid frequency sinusoidal waveform with the
sampling frequency harmonic components. In the case of B
phase, vy, vy, and vy, ¢ are lagging as much as 120° compared
with vy, v, g1, and v, ¢, rESpectively.
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Fig. 11.

In the normal three-phase system, there are three error volt-
ages as Vg.errs Up.errs and Ve err. The voltages would be repre-
sented as positive sequence voltage, which makes additional
positive sequence current. Therefore, the error voltages can be
suppressed by any feedback current controller. However, in the
fault operation pair, v, er and vy ¢y induce the currents, %49 err
and 7j2 oy, Which have the same magnitude and 120° phase angle
difference. i,9 ¢y and 59 ¢y can be divided into two parts as

2
ialerr = I .err COS (Wt + ¢) = %Im.err COS (Wt + ¢ - 300)

1
+ — I .err cOs (wt + & + 90°)

V3
incrr = Iy .err COS (Wt —120° + ¢)

2
= — T .or 08 (wt + ¢ — 90°)

V3

+ %Ln,m cos (wt + ¢ + 150°).
First terms in the right-hand side of 4,9 ¢y and 2p2 ¢ are trans-
formed into positive sequence current in the grid side, but the
second terms in right-hand side are negative sequence current by
substituting them into (3). Furthermore, unlike the first terms,
the second terms cannot be transformed into active and reactive
coordinate, s0 7,9 ¢ and ips oy cannot be removed by the current
controller. Therefore, there should be negative sequence cur-
rent in the grid. Furthermore, 7,9 and 7,2 cannot always satisfy
(4), because of digital delay or impendence imbalance between
phases, etc. Therefore, they could be divided into positive and
negative sequence components as follows:

(29)

a2 = ta2.pos T ta2.neg = Im.pos €OS (Wt + &)
+ Immeg COS ((,ut + ¢n _ 600)
12 = 1h2.pos + 1h2.neg = Im.pos €08 (wt + ¢, — 60°)

+ Im.ncg COs (Wt + ¢n)~ (30)

As the result, to make negative sequence current from non-
ideal phenomena as null, a negative current controller should be
additionally devised as shown in Fig. 11.

Fig. 11 shows the proposed negative sequence current con-
troller. By using dual second-order generalized integrator [15],
negative sequence Current, %,2. neg and 42,4 can be extracted
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Block diagram of the negative sequence current controller for a fault operations pair.
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Output structure of single-phase AFE CHB under 2-2-1 fault

from 449 and 4ys. To calculate the values, 1¢, .neg and Ipy, negs
by using ARCX, A and B phase inputs of the transformation are
connected O p2.neg and 442 neg» respectively. The output combi-
nation is also reversed as vy, .neg” and Vg, neg* correspond to the
A and B phase outputs, respectively. As the result, the input volt-
age commands for the fault operation pair would be determined
as Vg, " + 'Uan.neg* and vy, " + 'Ubn.neg*'

IV. EFFECT OF LOAD POWER CONDITION ON
GRID POWER FACTOR

In the general back-to-back systems, although there is nega-
tive sequence current, harmonic current or reactive power in the
load side, it would be filtered out by the dc-link capacitor. Thus,
the harmonics and the power factor of the load could not be re-
flected to grid side. However, in the case of using the proposed
fault operation of the single-phase AFE CHB system, the power
factor of the load would affect the grid power factor. To analyze
the phenomenon, the system output structure under 2-2-1 fault
condition is assumed as shown in Fig. 12. It is assumed that
the output voltage of the CHB is modulated according to the
control schemes proposed in [7] under cell fault condition. The
phase diagram considering power factor angle of the load can
be depicted as Fig. 13.

As shown in Fig. 13, line-to-line voltage of three-phase main-
tains balanced under the cell fault condition. Red-colored vec-
tors correspond to the output voltages of Al, B1, and C1 cells,
Va1, Up1, and v, . They have the same magnitude and 120° angle
shift to each other. If the load current, i, , 7;, and i.., is balanced,
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(b)

Fig. 13.  Phase diagrams under the 2-2-1 fault condition by load power factor
angle. (a) 0°. (b) 80° lagging.

regardless of the load power factor, each cell always has the
same power factor and it can be expressed with load power
factor angle 0y, as

—0i)
= c08 (Oye1 — bic) = cos (0L).

08 (Oya1 — Oia) = cos (Oyp1

€19}

In (31), 0441, 0451, and 6,1 are the phase angles of v, 1, vy,
and v.;, respectively. 6;,, 6;;,, and 6,, are the phase angles of
ia, 1y, and 7., respectively.

On the other hand, cells in fault operation pair, A2 and B2,
make phase voltages which correspond to the blue-colored vec-
tors, v,2 and vys, as the same magnitude and 60° delay. There-
fore, their power factors are different according to load power
factor angle as

pfaz = cos (0ya2 — 0iq) = cos (6, —30°)

pfpo = cos (B9 — Oi) = cos (O + 30°). (32)

In (32), 6,42 and 6,2 are the phase angles of v,» and vy,
respectively. pfa2 and pfpo are output power factors of A2 and
B2 cells, respectively. When the load power factor angle, 6,
is 0° or 180°, then pfao and pfpo are the same. However, in
other cases, they do not match to each other. Even the cos(6,)
becomes zero, the difference between pf4o and pfpo gets the
maximum. For instance, in the case of 6, = 80° lagging, as
shown in Fig. 13(b), pfas = 0.643 and pfps = —0.342 which
means that A2 cell is supplying power to the load, but B2 cell is
getting power from the load. Under this condition, large reactive
current for the balancing of dc-link voltages of the two cells is
required and it would be transformed into d-axis current of the
grid. Therefore, in the fault operation, the load power factor
has an influence on the grid power factor. However, in most
cases, the load power factor would be close to 1, so it could
not be a severe problem. Furthermore, if there is current margin
in the normal operation pairs, the d-axis current in the grid,
come from the fault operation pair, could be compensated by
the normal operation pairs. As the result, the grid power factor
also can be regulated as one in spite of the proposed operation
of the fault operation pairs.
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TABLE I
GRID PARAMETERS
Line-to-line
C j Fi
apacity Voltage requency
1.066MVA 22900 Vims 60 Hz
Transformer
1i Resi. 1i 1
Turn Ratio nput Resistance nput Inductance
83.9 mQ 1.3mH
18.75:1
(0.01p.u.) (0.06p.u.)
TABLE I

INDUCTION MOTOR RATED CONDITION

Capaci Line-to-line Freauenc Pole Motor
pacity Voltage Y\ umber type
Bt
0.833MW | 4400 Vims | 60 Hz 8 pole [1?]’6

V. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Results

As shown in Fig. 14, the simulation model is designed as
2-2-1 fault condition. It is assumed that upper C phase cell is
excluded from the system due to cell fault and its output terminal
is bypassed. The input power control is implemented with the
division of the input structure into a fault operation pair and a
normal operation pair. The simulation set has a difference com-
pared with Fig. 1 that there are two series-connected capacitors
at the dc link of each cell. The reason is that the legs that consti-
tute the power cells are three-level neutral-point clamped (NPC)
legs to reduce the number of cells in each phase. Finally, the load
implies an induction motor drive system with variable voltage
variable frequency control. The system parameters of the grid
and the load are provided in Table I and Table II, respectively.

Following load operation scheme in [7], maximum line-
to-line voltage is 78.8% of rated line-to-line voltage under
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Fig. 15. (a) DC-link voltages of the fault operation pair and (b) its Fourier
spectrum.

2-2-1 fault condition. Therefore, the induction motor is driven
at 75% of rated speed, 45 Hz. Switching frequency of each leg
is 1620 Hz. DC-link capacitance in a cell is 900 iF in total, and
the reference of dc-link voltage is set to 1900 V.

In Figs. 15 and 16, it is shown that the average dc-link volt-
ages of the fault operation pair and the normal operation pair
both are correctly kept as 1900 V. The ripples in the two kinds
of dc-link voltages are mainly composed of 90 and 120-Hz
frequency components which are two times of load frequency
(fioaa) and grid frequency (feia), respectively. As aforemen-
tioned, it is quite difficult to suppress these ripples by a volt-
age controller. Also, there are some other ripples as shown in
Figs. 15(b) and 16(b), which can be represented as (33), where
fac 1s any possible ripple frequency of dc-link voltage

Jac =2k~ foria +2-q- fioaa (Where k, ¢ are integer).
(33)

The line-to-line voltage to the motor is shown in Fig. 17. Each
voltage has 17 levels for AB phase, 13 levels for BC and CA
phase because of a faulty cell in C phase. It is confirmed that
the fundamental frequency of the voltages is well balanced and
the equivalent magnitude is 3292 V,,,, almost 75% of rated
voltage as expected.

As shown in Fig. 18(a), the input ac of the fault operation pair
is well controlled with the proposed method, as the two phase
input currents of the fault operation pair have the same magni-
tudes and 60° phase delay. In Fig. 18(b), the three-phase input
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Fig. 17.  Output line-to-line voltages of the inverter.

currents of the normal operation pair are also well controlled
with the same magnitudes and 120° phase delay.

To verify the circulating current calculated by (9), simulations
have been carried out as Fig. 19. By (2), 4. can be calculated as
the average of the primary delta winding current. The magnitude
of input currents, 7,9 and 7,9 in Fig. 18(a), is 171.6 A. The turn
ratio of the input transformers, Ny /N3 is 22 900/1221. Then, the
magnitude of the induced circulating currents i | is calculated
as 5.28 A. The magnitude of the circulating current measured in
the simulation result is about 5.29 A. It is well matched to the
calculated value.
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Fig.21.  Single-phase AFE CHB experimental set for induction machine drive.
TABLE III
SYSTEM PARAMETERS
Number of Cell 6

Source Voltage 127 Vims
Cell input voltage 110 Vi
DC link Capacitance 1650 pF
Rated Output Voltage 440 Vs

Rated frequency 60 Hz
Switching frequency for one leg 2.5kHz
Rated Cell power 2.7kVA

In Fig. 20, it is clearly shown that the grid current is well
regulated as three-phase balanced sinusoidal waveform even
under the cell fault condition.

B. Experimental Results

Experimental set shown in Fig. 21 has the same structure with
that of simulation as 2-2-1 fault condition and three-level NPC
legs with two series dc-link capacitors. The system parameters
of the experimental set are provided in Table III. C2 cell in the
red box is assumed as a faulty cell, and its input terminal is
disconnected from the grid and its output terminal is bypassed.
With remaining cells, Al, B1, and C1 cells are driven with
the normal operation method [10], and A2 and B2 cells are
driven with the proposed fault operation method. Source voltage
127 Vs 1s changed into 110 V5 by an input transformer and
there is no additional filter to reduce harmonics of grid current.
Three-phase output of the system is connected to 440 Vs,
11 kW, four-pole induction motor. Load torque to the induction
motor is applied by a 20-kW dc generator.

Fig. 22 shows the dc-link voltages and input ac of the fault
operation pair in the start-up situation. When the system is in
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Fig. 22. DC-link voltages and input current of the fault operation pair in the
start-up situation.
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Fig. 23.  DC-link voltages of (a) fault operation pair and (b) normal operation
pair.

OFF state, the dc-link voltages, V.4 and V.5, are charged by
the freewheeling diodes as much as 155 V, because the single-
phase input voltage is 110 V5. After engaging the proposed
control algorithm with the dc-link voltage controller, the dc-link
voltages are regulated as 200 V. While both dc-link voltages
increase, ac 7,9 and 7,9 increase. In this boosting operation, the
maximum value of the currents in the transient is about 15 A and
phase difference between 4,5 and 79 is well controlled as 60°.
After boosting the dc-link voltage, the dc-link voltages are kept
as their reference, 200 V, and the reference of the ac is nearly
nullified.

In the steady states, dc-link voltage of each cell is controlled
as 200 V, and dc-link voltages of a fault operation pair and a
normal operation pair are shown in Fig. 23. As expected, there
are some oscillations in the second-order harmonics of 60 and
45 Hz, which are grid and load frequency, respectively.

Induction motor is driven at 45 Hz, so the input line-to-
line voltage is modulated as three-fourth of rated voltage as
330 Vims (= 466 Vpi). The output phase voltage is modulated
according to the scheme in [7], and the voltage is depicted in
Fig. 24(a). v, has five levels because only one cell is left in C
phase. As described in Fig. 24(b), the fundamental frequency
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Fig. 24.  (a) Output phase voltage of the CHB system and (b) its Fourier
spectrum.

amplitude of v, , vp,, and v, are 315.1, 321.1, and 164.2 V,
respectively, that the load control scheme in [7] is implemented
well. There is some third harmonic component in the phase
voltage made by the offset voltage, which would not be in line-
to-line voltage at the load.

As the result, output line-to-line voltage is modulated as
Fig. 25(a). By the Fourier transform, v, vy, v., peak val-
ues are measured as almost the same as 451, 454, and 449 V
and the phase differences are 120°. From Fig. 25(b), it can be
said that the three-phase balanced line-to-line voltage is applied
to the load. Also, the large number of the voltage levels makes
the harmonic components be small. On the other hand, the load
torque from dc generator is set as 90% of the rated value, so the
power supplied from the converter is about 68% of rated power
of the motor, which is about 7.5 kW.

With the proposed current control strategy, not only input
current of the normal operation pair but also that of the fault
operation pair are well controlled as shown in Fig. 26.

To verify the circulating current by (9), experimental test also
has been carried out and the result is shown in Fig. 27. By
(2), icire can be calculated as the average of the primary delta
winding current. The magnitude of input currents, i,0 and %9
in Fig. 26(a), is 26.5 A. The turn ratio of the input transformers,
N1 /N, is 127/110. Then, the magnitude of the induced circulat-
ing currents, |7¢ir|, is calculated as 13.3 A by (9) while the mag-
nitude of the circulating current in the experimental test is about
10.7 A as shown in Fig. 27(b). The simulation result exactly
matches with the theoretical value, but the experimental result
is smaller than the theoretical value. The reason would be the
nonideal characteristic of the transformer such as magnetizing
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Fig. 26.  Input current of (a) fault operation pair and (b) normal operation pair.

inductance, saturation effect, leakage fluxes, and unbalance of
each phase. On the other hand, there is some third harmonic
components in the circulating current, which would come from
the excitation current of the transformer.

Finally, it is demonstrated that three-phase balanced current
flows in the grid as shown in Fig. 28(a) even under the cell
fault condition. By the Fourier spectrum of the grid current,
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Fig. 28.  (a) Three-phase balanced grid current and (b) its Fourier spectrum.

Fig. 28(b), there are some low-order harmonic components be-
cause of the impedance unbalance and magnetic saturation of
the input multiwinding transformer. The harmonics are less than
4% of the rated current of the CHB converter, and those are un-
der the limit of most harmonic standards such as IEEE 519.
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VI. CONCLUSION

This paper analyzes the relation between the grid current and
converter current of the single-phase AFE CHB, and figures out
what converter current should flow under the cell fault condition
to make the grid current be balanced. Based on the analysis, a
novel scheme for reconfiguration of healthy cells has been pro-
posed. By the virtue of the reconfiguration, the power capacity
of AFE CHB can be maximally exploited without turning OFF
the healthy cells to make the number of operating cells in each
phase the same. Accepting different number of cells in each
phase, the dc-link voltage controller of a fault operation pair has
been newly devised. Furthermore, positive and negative current
control schemes for the fault operation pair have been also pro-
posed to make the grid current be balanced and harmonic free.
All control schemes have been verified through full-scale com-
puter simulation and reduced size experimental tests. The result
reveals well-controlled dc-link voltage of a fault operation pair
and sinusoidal balanced grid current under the cell fault con-
dition. Thanks to the proposed reconfiguration and control, the
output power of the CHB under 2-2-1 cell fault condition has
been extended utmost from 50% to 78.8% of the rated power.
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