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Direct Control Strategy for a Four-Level Three-Phase
Flying-Capacitor Inverter

Francois Defa¥y, Ana-Maria Llor, Member, IEEE, and Maurice Fadel, Member, IEEE

Abstract—A direct predictive control strategy is proposed for a
three-phase four-level flying-capacitor (FC) inverter in this paper.
The balancing of the FC voltages, a challenge in applications
with small capacitors and low switching frequencies, is done
without any modulation, simply using tables calculated offline.
These allow the realization of fast-dynamics output currents with
reduced dv/dt in the output voltages and reduced switching
frequencies. Moreover, no interharmonics are created when op-
erating at low switching frequencies and with reference currents
containing multiple harmonic components, which is a key feature
for active power filters. Simulations and experimental results are
presented to demonstrate the excellent performance of the direct
control strategy in comparison with a conventional pulsewidth-
modulation control technique, mostly for operation at low switch-
ing frequencies.

Index Terms—Active power filter, direct control, flying-
capacitor (FC) inverter.

I. INTRODUCTION

URING THE last years, electric power quality has

become a challenge due to the increase of nonlinear
loads, power electronic-interfaced distributed generation, and
a growing energy demand. Industrial applications of multilevel
converters are increasing [1]—[3] since they offer significant ad-
vantages for high-power applications by reducing voltage stress
on the power switches and current distortion while operating
at a low switching frequency. Flying-capacitor (FC) inverters
are a promising multilevel topology that can be used in several
industrial applications including active power filtering [4], [5].
This structure presents several advantages such as low current
distortion, low conduction losses, and small dV'/dt. Moreover,
it presents the potential of an increased bandwidth, in compar-
ison with the “conventional topologies,” for a given switching
frequency [6]-[9]. The correct operation of this converter needs
the FC voltages to be regulated in order to limit the voltage
stress on each commutation cell to its rated value. The dynamic

Manuscript received March 12, 2009; revised July 8, 2009, September 14,
2009, and October 21, 2009; accepted November 24, 2009. Date of publication
February 8, 2010; date of current version June 11, 2010.

F. Defay is with the Institut Supérieur de I’Aéronautique et de
I’Espace (ISAE)-SUPAERO, 31055 Toulouse Cedex 4, France (e-mail:
defay @laplace.univ-tlse.fr).

A.-M. Llor is with the Laboratory on Plasma and Conversion of En-
ergy (LAPLACE), Université de Toulouse, 31071 Toulouse, France (e-mail:
llor@laplace.univ-tlse.fr).

M. Fadel is with the Laboratory on Plasma and Conversion of En-
ergy (LAPLACE), Université de Toulouse, 31071 Toulouse, France, and
also with the Ecole Nationale Supérieure d’Electrotechnique, d’Electronique,
d’Informatique, d’Hydraulique, et des Télécommunications, 31071 Toulouse
Cedex 7, France (e-mail: fadel @laplace.univ-tlse.fr).

performance achieved with the natural balancing method is
often not good enough [10]-[12]. Better overall performance,
including capacitor voltage balancing, can be achieved either
by increasing the capacitor’s size and cost or by increasing
the switching frequency, which reduces the converter’s effi-
ciency. These inconveniences have lead to a significant effort
to develop improved voltage-regulation methods for the FCs
[12]-[17].

The method discussed in this paper for the control of the FC
inverter aims at finding a compromise between capacitor size
and switching frequency, while achieving a bandwidth suitable
for operation as an active power filter. Predictive control is used
for calculating the required average output voltage that yields a
desired inverter current in each sampling period. This average
voltage is produced with the direct control algorithm, using
sequences of several state combinations, called here profiles,
in a sampling period. Since each profile affects the trend (in-
crease/decrease) of the variation of the capacitor voltages in
a different way, it is possible to select the profiles so as to
drive the capacitor voltages toward desired reference values.
Since each profile is composed by several switch state com-
binations, called here configurations, through the adjustment of
the application time of each configuration in a sampling period,
the calculated average voltage can be obtained. Additional
constraints are added in this direct control strategy to limit
switch commutation to once per sampling period for each com-
mutation cell and instantaneous output voltage variation from
one profile to another to a minimum. The resulting capacitor
voltage dynamics is slower than that of the inverter current, and
voltage balancing is achieved over a small number of sampling
periods.

The next section of this paper presents different approaches
to balance the FC voltages. A classical control method, used
here for comparison with the direct control method, is dis-
cussed in detail. In Section III, the direct control method is
described as well as its application to a four-level FC inverter.
Finally, experimental results are included in Section IV, show-
ing the excellent current control and voltage balancing for FCs
compared with the classical pulsewidth-modulation (PWM)
method. An application of both methods for an active power
filter is presented, showing the superior performance of the
proposed method, mostly at low switching frequencies.

II. FC VOLTAGE BALANCING AND PWM CONTROL

Fig. 1 shows a three-phase FC inverter which presents a
topology based on three series commutation cells on each
phase. Two FCs per phase have to be voltage balanced to
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Fig. 2. Principle of the natural balance of FC voltages.

guarantee the same voltage stress on each commutation cell
(E/3). For this topology, the corresponding voltages are F/3
for Vg, and 2E/3 for Vi,,, for each phase (i = A, B, C).

A number of control methods have been developed to obtain
this voltage balancing. A popular one is called “natural balanc-
ing” [9], [10] which makes use of phase-shifted carrier PWM
signals, with identical phase shifts and duty cycles (Fig. 2). It
is a passive method and no measurements are needed, but the
balancing process is not satisfactory, since the dynamic is low
for the FC voltages and the method imposes some constraints
to the control signals.

Another method consists in connecting a resonant circuit in
parallel to the load, with a natural frequency corresponding to
the switching frequency [4], [7]. Under balanced conditions,
no current flows in the external RLC circuit. If voltages are
unbalanced, harmonic currents are no longer balanced and they
are filtered by this circuit; therefore, the dynamics of the natural
balancing is increased. This method is interesting but the added
elements affect the cost and the losses generated by the resistor
must be considered.

The active control of the FC voltages requires the knowledge
of these voltages, either by measurement or by estimation. To
perform this control, some methods have been investigated [6],
[13], [18] but they have not been tested in conditions as low FC
values, high load current dynamics, or low switching frequency.
One of these methods based on phase-shifted modulation—the
decoupling control method—is presented here, since it will be
used in a comparison with the proposed direct control method.
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Fig. 4. Harmonics current composition with balanced capacitor voltages.

The principle of the decoupling control method [18] is shown
in Fig. 3. Two P regulators per phase are included to control
each FC voltage. In addition, a current controller is included in
the current loop.

For the three-cell FC converter, this method presents current
harmonics at around three times the semiconductor switching
frequency (3 x fow & fref, Where fror is the frequency of the
reference current signal) [7], as shown in Fig. 4. This property
constitutes one advantage that has to be taken into account for
the direct control.

All the methods based on phase-shifted modulation are un-
able to ensure correct capacitor voltage balancing if the ratio
between the switching frequency and the current reference
harmonics is too low (experimental results for the decoupling
method are presented in Section IV). One solution consists in
increasing the value of the FC, but this solution implies a higher
cost. Another solution is to develop a control method capable of
controlling each commutation cell directly, without considering
the phase-shifted solution [6]. The direct control presented
in this paper and developed in the next section is based on
this idea.

III. DIRECT CONTROL FOR A THREE-CELL CASE

A significant effort to develop the application of the pre-
dictive control to multilevel inverters [19]-[22] has been done
during the last years. In this section, the principal characteristics
of the direct predictive control (Fig. 5) applied to a three-cell FC
inverter are explained.

In the topology shown in Fig. 1, the grid is represented by
Vians Von, and V,,,, where n is the neutral point which is gener-
ally not accessible in a three-phase network. These voltages are
considered as inputs for the control algorithm. If we consider
that the FC voltages are constant during a sampling period, the
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Fig. 5. Direct control of one phase of the four-level FC.

output voltage of phase ¢, designated as Vo, can be expres-
sed as

Vio = 2 (i),
3

for a three-cell inverter (p = 3) [7]. The variable N; (with
values 0, 1, 2, and 3) is defined as the instantaneous output
level of phase ¢, and the denominator 3 is due to the three series
commutation cells. The system is going to be analyzed using a
composed voltage and current reference frame. The composed
voltage at the output of the inverter is named vap Wwhich is
defined as the difference between the phase voltages v 4 and vg,
and the composed current will be 155 (difference between i 4
and 7 ). Inverter output voltages are expressed in the composed
voltage frame (also called ba—ca frame) [23] considering that
Vas = Vao — VBo and using (1)

{’UABzg*(NA—NB)
£y
3

i=A,B,C (1)

2

UBC =

The equations of the continuous model describing the system
are basically the same as those that were presented in [14]. The
model can be discretized, considering that the switching period
Ty is the same as the sampling period to obtain

<ZI1§+1 ) A < k ) Uf\B - U,]ZB
— Ay * + By * ( > NG
111?61 BC ”ﬁc - ”gc

The state matrix A of the continuous state space is diagonal,
and the coefficients are constant; therefore, the discretization is
the exponential form of the continuous state matrices (A, B).
The two constant matrix coefficients (Ay, By,) are

Ak _ JAxTy
Sl (AT, 4)
B.=A *(e d—Id)*B.

At time instant ¢y, it is possible to calculate the control action

vk that has to be applied in order to reach the point zkH at the

end of the sampling period. v% ‘\p 18 the average output voltage

of the inverter and can be calculated as shown in (5). vng
represents the average value of the grid voltage in a sampling
period. The sample frequency is more than 20 times higher than
the grid period; hence, the average value can be replaced by the
discretized value vk 5

vk ZZH -1 ik vk
- B,C ki) - B, " x Ay x ik + =5 |
UBc 'BC BC ”BC(S)
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Fig. 6. Control sequences.

The recurrence (5) is written at time instant ¢ ; (considering

that the reference of current ifﬂf is known) and is expressed as

JFET 2 i
AB
) =0 (i) e (32)
tys IBC B
kt1 5k
v v — v
AB AB — VAB
+( k+1)+}(3< - A ) (6)
YBC UBc ~ UBC

where the three coefficients are constant and defined as

K, =B;!
Ky=-B '« A2 @)
K3 = —B;l * Ak * Bk.

Fig. 6 shows the principle of calculation, data transfer, and
application of control actions. Between two sampling time
instants, three main operations are realized by the DSP se-
quencer: 1) the data acquisition (measurements and reference
determination); 2) calculation of the next control action, de-
termined by the control algorithm; and 3) transmission of the
control actions to the field-programmable gate array (FPGA).
These actions are performed between the time instants ¢, and
ti+1, and the calculated control actions will be applied at the
beginning of the period between ¢ and t; 2. The recurrence
(6) gives the expression of the control actions which have to
be applied at time instant ¢, which are determined using the
measurement of currents and voltages at time instant ¢; and
the current and voltage references at time instants ;4 and
ti+2 given by the repetitive principle. This principle consists
basically in recording the necessary references for a grid period
and considering that it will be unchanged for several periods.

The control actions calculated by the direct predictive control
are determined in order to do the following.

1) Obtain the desired average output levels for vf]gl

and ka.

2) Balance the six FC voltages at the correct value.

3) Reduce the switching frequency. Only one state change
for each commutation cell is allowed during one sampling
period. In this way, the switching frequency is divided by
two compared with a classical modulation scheme where
each switch turns on and off once per modulation period.
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Fig. 7. Example of two consecutive profiles.

These three constraints have been respected to elaborate
profiles, which are sequences of state combinations defined in a
sampling period and which will define the “sequence table.” A
profile is composed of the following:

1) four configurations (Cj1, Cia, Cis, and Ciy);

2) four application times (¢;1, t;2, t;3, and t;4);

3) four corresponding output level voltages.

Fig. 7 shows an example of two profiles with the evolution of
each FC voltage of phase A.

The desired voltages v 15" and v calculated by (6) will
be applied, considering an algebralc criterion to control the
FC voltages used in the sequence-table definition. The criterion
chosen to establish the sequence table is based on the variation
of the FC voltages and considers the redundancies of the
FC converter. This variation is controlled through hysteresis
controllers which consider only one binary information per
capacitor through a comparison with a threshold. This leads
to an additional simplicity where no precise analog-to-digital
converters (ADCs) are needed. For the definition of the table,
some constraints must be respected.

1) Large level variations are not allowed (output voltage

transitions larger than E'/3 are forbidden).

2) The initial and final output voltage levels of each profile
can take only two values (E/3 or 2E/3).

3) The number of output voltage level changes is limited to
three on a sampling period in order to reduce the number
of possible profiles to apply (several profiles can provide
the same output voltage level due to the redundancies of
the inverter). Furthermore, it allows the division of the
switching frequency by two on the insulated-gate bipolar
transistors (IGBTs) because only one state change by
commutation cell is allowed during one sampling period.

To respect these constraints for the choice of the next profile
to apply, the sequence table has three inputs (Fig. 8), which are
as follows: 1) the desired output voltage level (V¥); 2) the last
configuration of the previous profile (CF), in order to avoid
large level transitions between two consecutive profiles; and 3)
the state of the inverter (E;) related to the output current sign
and the trend of variation of FC voltages. From these values,
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Fig. 8. Example of sequence table.

it is possible to find the best profile to apply which contains
four configurations and four corresponding application times
(as a percentage). These application times can be adjusted if

necessary in a later step, in order to obtain exactly the desired

average output levels v5 5" and vp{!.

An example is shown in Fig. 8 corresponding to the profile
calculated at the time ¢; and applied between times ¢, and
ti+2 on Fig. 6. Considering that each configuration imposes a
different trend of FC voltage variation (T'rendc,, ), depending
on the current sign, the global trend of each profile can be
calculated as

4

Trendy,,, = Y _(Trendc,, *t;) (8)

j=1
considering that the current is constant during a sampling
period. If the trend is positive, the voltage globally increases.
The detailed definition and construction of this sequence table
is presented in [14] and [24].
The average output voltage for one sampling period is
4

Jj=1

and the application times can be adjusted, from the values
obtained from the table, in order to apply the correct average
output voltage given by (9).

IV. RESULTS FOR A THREE-PHASE INVERTER

Fig. 9 shows the electrical structure of the three-phase FC
inverter. The parameters of the experiment are a 2.5- or 10-kHz
switching frequency, a 220-V dc bus, a 10-kVA maximum load,
and the following:

1) three-phase FC inverter with 18 IGBTs;

2) DSPACE DS1105 controller with 16 fast ADCs;

3) Altera FPGA for protection and IGBT control;

4) six 200-uF FCs.
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The FC control has been extensively tested in simulation with
an instantaneous model of the FC inverter. Experimental results
have been carried out with the experimental test bench (Fig. 10)
which is composed of an FC inverter able to work with a
1800-V dc bus and a 60-A line current. The experimental
test bench is formed by the association of a high-performance
DSPACE processor board and an FPGA which controls
18 semiconductor switches. A serial communication has been
established for their information exchange.

A. Start-up of the FC Inverter

After the start-up transient, the FC voltages must be balanced
[7], which underlines the practical problem of the capacitor
precharge during the start-up transient. In recent years, different
methods have been developed in order to obtain good perfor-
mance in the precharge of FC converters [13]. One possible
technique is to connect high-value resistances in parallel with
the power semiconductors, which could ensure the equivalent
distribution of the charge of the FCs [25]. These components
could also contribute to the converter discharge phase. On the
other hand, these resistances may induce high temperatures dur-
ing the precharge transient and should remain connected during
the normal operation of the converter. Another technique is to
add external sources to charge the FCs, but this solution leads
to a more complex system and it is not an optimal solution.

For this application, a method has been developed, which
imposes a commutation sequence on the switches in order to
charge each capacitor of each phase sequentially. The results
shown in Fig. 11 correspond to the start-up of an active power
filter application in a 400-V network. Only one commutation
cell is active at each time, as shown by the control signals
Sc,;- The evolution of the capacitor voltages V¢, and V¢,
is made in two stages of less than 150 V to an intermediate
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Fig. 11. Bus and capacitor voltages during the precharge sequence.

decoupling (i41) and direct (i42) controller Jowitening = 10kH z

frep = 3sin (27 = 50) + sin{2m + 650) lrey = dsin(2m = 50} 4 sin(27 * 1250)

Ta (&) I (A)

| g :
£ Al . e A2

-3
L 02 021 022 023 024 022 023 024 025
decoupling controller Sswiteting = 2.5k Hz
Loy = 3sin( 27 = 50) + sin( 27 + 650) Teoy = dain(2m # 50) + sin( 27 + 1250)
Iy(A) | 14 (A)
3 23 i
4 : ??Qf :
3 ;
2
1
0O,
-1
ol
-3
_-1 b .
022 023 024 035 0.6 0.22 0.23 0.24 0.25
direct controller Fowitehing = 2.5k H 2
Loy = 3sin (27 = 50) + sin{2m « 650) leey = dsin(27 = 50) + sin(27 * 1250)
Iy (A) Iy (A)

= i

013 00 04l 012 o3
| Time (s)

01 0l 012

Time (s)

Fig. 12.  Current tracking with decoupling PWM and direct control.




Voltdge (V)
5T T

2245

Voltagc (V)

200/

150 i

100t---

50

150

50

%51 0z 03 04 05 06 07 08 05 1

the precharge of the capacitors of the three phases can be

%01 02 03 04 05 06 07 08 09 1

Time (s) Time (s}
(a) (b)
Fig. 13. FC voltage with (a) decoupling and (b) direct control.
value. The capacitor C;z is charged to 350 V, and the capacitor g . e
Ci1 is charged to a voltage of about 175 V. Power switches M
can withstand a dV/dt up to 200 V. The fast dynamic for ) Ll Lt . '
/ P Y i ) “I' 1' 'f‘rn‘ i ,g :I Ii"r"" i i i\:'ll"'.‘i "'i' 1‘1' 'H"ullr# .[f'l':‘:"qr“n '5-"n1r"’\ [,.w

appreciated. The precharge time is about 0.1 s, which is a very
good result. After 0.397 s, the start-up resistances, connected
between the filter and the grid, are removed from the system.

B. Comparison of Voltage-Balancing Methods
and Current Control

In order to demonstrate the benefits of the direct control,
different tests have been carried out. The current regulation is
carried out by a proportional-integral (PI) controller for the
decoupling voltage balancing (Fig. 3). For the direct control, the
predictive controller presented in Section III is combined with
the direct control of IGBTSs. Some results are shown in Fig. 12
for two switching frequency values (10 and 2.5 kHz) and
reference currents with two different harmonics components
(1 A at 650 and 1250 Hz).

Results for a 10-kHz switching frequency are quite simi-
lar for both methods [Fig. 12 (top)], but those obtained for
2.5 kHz are different. The current tracking is not satisfactory
for the decoupling method [Fig. 12 (middle)], whereas the reg-
ulation is correct with the direct control for the same switching
frequency [Fig. 12 (bottom)].

In addition, the balancing of FC voltages is also better with
the direct control [Fig. 13(b)] with a switching frequency of
2.5 kHz and a reference current with a component at 1250 Hz of
1 A. The decoupling method is not able to balance the capacitor
voltages [Fig. 13(a)], due to the low ratio between the switching
frequency and the highest frequency of the reference current,
and the low FC values (200 pF).

Another test is made considering a reference composed of
many current harmonics

Imax(250HZ) = dmax(350Hz) — {max(550Hz) — 1A
Imax(GSOHZ) = dmax(750Hz) — 0.75 A
Imax(95OHz) ~ dmax(1150Hz) — Imax(1250Hz) = 0.5 A.

As before, two cases are considered: one with a switching
frequency of 10 kHz (Fig. 14) and another with 2.5 kHz
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Fig. 14. FFT of direct current for a 10-kHz switching frequency for
(a) decoupling control and (b) direct control.

(Fig. 15), applied to both control strategies. The fast Fourier
transform (FFT) analysis is very important for understanding
what happens.

With the decoupling control based on the PWM control
of IGBTs, there are no harmonics around fswitching and 2 *
fswitching. All the harmonics due to the switching frequency
are concentrated around 3 * fowitching-
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For the direct control, harmonics are located around 2 x
fswitching, as defined in the constraints of the sequence-table
definition. The FFT analysis gives the rms value of current har-
monics, and for a 10-kHz switching frequency, which is a high
value, both control methods perform well (Fig. 14). However,
the results are different for a lower switching frequency.

Fig. 15(a) shows the response of the inverter with a switching
frequency of 2.5 kHz. Compared with the previous case, the
harmonics are constrained around 3 * fowitching. Current har-
monics appear around fqyitching and below. This is principally
due to the intermodulation harmonics located at ( fswitching —
fret) and (fswitching + frer), Which are too important in this
case. The ratio between fsyitching and fref is low, and the FCs
are only of 200 pF.

Fig. 15(b) shows the results with the direct control of the
inverter. In this case, the harmonics are constrained around 2 *
fswitching- As a result, the current tracking is good, and the FC
voltages are correctly balanced.

C. Results for Shunt Active Filtering Operation

In this section, the superior performance of the proposed di-
rect control scheme applied to a shunt active power filter based
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Fig. 16. Harmonics filtering with (a) decoupling control and (b) direct control.

on an FC inverter is presented. Results with the PI controller
[18] adapted for active filtering operation are also presented,
for the same switching frequency (2.5 kHz). Fig. 16 shows
the experimental results for both control strategies. The load is
composed of a diode rectifier with a shunt RC load (C' = 3 mF)
and large inductors (L = 2 mH) at the input, with a current
total harmonic distortion (THD) of 46%. In this figure, the load
current, the grid current, and the FFT analysis are presented for
both control methods. The direct predictive control allows the
THD to be reduced to 3.8%. The PI controller is not able to
compensate correctly the harmonics of the load currents (THD
about 32%) due to the low sampling frequency and provokes
a disturbance on the voltage laboratory grid, which implies
that the load currents are not exactly the same in Fig. 16. The
excellent bandwidth of the proposed direct predictive control,
considered as the ratio between the switching frequency and
the highest frequency of the inverter output current, is proven,
since the current harmonics are around 5 kHz. In the case of
the decoupling control, they are at only 2.5 kHz, considerably
disturbing the injected currents.

D. Dynamic Response

To test the robustness of the direct control, a load variation
of 100% was made to study the dynamic response of the direct
predictive controller for the active filtering operation. The load
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current, the grid current, and the injected current in a composed
voltage reference frame are shown in Fig. 17. This disturbance
is compensated after only one grid period, which means that
the dynamic response is quite acceptable for this active filtering
application.

Fig. 18 shows the capacitor voltage balancing during the load
variation. The first variation is about +100%, and the second is
about —50%. The FC voltages are correctly balanced in a 5%
interval with only 200-uF capacitors.

V. CONCLUSION

The use of direct predictive control in a four-level FC inverter
has been discussed in this paper. The gating patterns are gener-
ated without any modulation, just using sequence tables cal-
culated offline. The approach for defining the sequence tables
to achieve high bandwidths for a current-controlled converter,
while operating with low switching frequencies and reduced
dv/dt in the output voltage, has been presented. Its superior
performance with respect to a conventional PWM control has
been demonstrated by means of simulations and experimen-
tally. First, it allows better balancing of the capacitor voltages
both in steady-state and in transient conditions. Second, it does
not produce interharmonics, which is a key feature for active
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power filter applications operating with low switching frequen-
cies. This control method obtains the maximum performances
of the FC, making a good compromise between the switching
frequency, the FC values, and the capabilities of the FC inverter.
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