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Abstract—In this paper, a simple feed-forward modulation
technique for single-phase two-cell multilevel cascaded converters
is presented. All the possible switching states of the power
converter are taken into account applying a two dimensional
control region. The proposed technique uses the actual values of
the DC-Link capacitor voltages to obtain output phase voltages
and currents with low harmonic distortion with any dc voltage in
the H-bridges of the cascaded converter. The possible switching
sequences of the converter are studied and, depending on the
actual dc voltage values, their desired values are achieved.
Simulation results are shown in order validate the proposed
technique working as a synchronous rectifier.

I. INTRODUCTION

MONG the multilevel converter topologies, the cascaded

H-bridge converter (CHB) is one of the most interesting
topologies presenting high modularity, high quality harmonic
spectra of output voltages and currents and high efficiency
[1]-[4]. They have been used in medium and high power
applications being a mature technology prepared to be used
in industrial applications extensively [4], [5].

One of the most important topics related to CHB is the
development of low cost and efficient modulation techniques.
Several different modulation methods can be applied to
CHB. Carrier-based PWM (level-shifted and especially phase-
shifted), space vector modulation (SVM) and hybrid modu-
lation are the most commonly used modulation techniques
for multilevel converters [3]-[7]. Recently, several simple
modulation techniques with very low computational cost have
been presented [8]-[11].

This paper applies a time domain modulation for the single-
phase two-cell cascaded converter (2C-CHB) shown in Fig. 1.
The proposed modulation technique is named 2D feed-forward
modulation (2DFFM). This modulation technique considers all
the possible solutions to generate the desired phase voltage
V5, The actual dc voltages of the power converter (V1 and
Ve2) are taken into account to determine the switching se-
quence and the switching times avoiding errors and achieving
high quality output waveforms.

The controller implemented in this paper is based on two
stages as is shown in Fig. 2. The external controller has to
control the sum of the dc voltages of the 2C-CHB and the
internal controller is focused on the dc voltage control of each

H-bridge of the converter. The external one is a conventional
controller where the error of the total dc-link voltage is used to
determine the active power needed in the next sampling period.
This active power is used to calculate the reference phase
current which is controlled by a PI controller determining the
reference phase voltage to be generated by the converter. It
has to be noticed that in this work, a resonant filter to avoid
the 100 Hz oscillations of the dc voltages is used to calculate
the active power reference.

This paper is mainly focused on the introduction of the
internal stage, highlighted in Fig. 2, where the reference phase
voltage V% is generated controlling the dc voltages of the H-
bridges. The next sections are devoted to the introduction of
the 2DFFM technique with dc voltage control.

II. THE TWO-DIMENSIONAL FEED-FORWARD CONTROL
REGION OF THE 2C-CHB

The control region of the 2C-CHB can be represented in
two dimensions (2D) using a plane where x axis is the lower
H-bridge output voltage (Vjower) and y axis is the upper H-
bridge output voltage (V,pper) [12]. The 2D control region of
the 2C-CHB is represented in Fig. 3. This 2D control region
is a feed-forward representation because the actual values of
the dc voltages of the H-bridges (V1 and Vo) are used. In
Fig. 3, as an example, it is assumed that V1>V showing
that the 2D control region can be plotted with any condition
of the dc voltage values of the CHB converter. Anyway, as a
consequence of (2), it has to be fulfilled that

a*b = 5lower + 5uppe7‘ (1)

The states of each H-bridge can be 0, 1 or 2 where the H-
bridge; output voltage is —V(;, 0 or V; respectively. In Fig.
3, each switching state of the 2C-CHB is named H, H; where
H, and H; are the states of the upper and lower H-bridges
respectively.

Each point of the 2D control region achieves a specific phase
voltage V,;. In the CHB, the phase voltage V; is obtained as
the addition of the output voltage of each H-bridge of the
converter. Therefore, in the 2C-CHB case, V,; is determined
as the sum of Vipper and Vigyer, output voltages of upper and
lower H-bridges respectively (see Fig. 1).
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Two-cell cascaded H-bridge converter working as a synchronous rectifier.
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Fig. 2. Proposed control diagram. The 2DFFM technique achieves the control of the dc voltages of the 2C-CHB.
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It can be noticed that all the solutions to achieve one specific
phase voltage form a diagonal line with 135° slope because
expression (2) has to be fulfilled [12].

Vap = Vupper + Viower

III. THE TWO-DIMENSIONAL FEED-FORWARD
MODULATION TECHNIQUE FOR 2C-CHB

As it is shown in Fig. 3, any point belonging to the solutions
set can be used as the chosen point to achieve the desired phase
voltage V. Each possible solution can be defined using its
(x,y) components denoted as (dower, Supper)-

The final point belonging to the solution set to achieve a spe-
cific output voltage V., is determined by an external controller
improving some design criterion. Considering that this point
has been determined, d;oer and dypper are the projections
of the point over x and y axis respectively. The calculation
of the switching sequence and the corresponding switching
times is very simple and is summarized in Table 1. The
switching sequence is formed by two different switching states
in each H-bridge. H,; and H;; are the states ¢ of the upper
and lower H-bridges respectively (i=1,2). The corresponding
switching times are defined as t,; and t;; respectively. It can
be noticed that the actual values of the dc voltages of the
H-bridges are used in the switching times calculation. This

I H,:State of the upper H-bridge
u=ll" [ :State of the lower H-bridge

Fig. 3. 2D feed-forward control region of the 2C-CHB with Vi1 >V(zg. The
solution is defined using its (z,y) components denoted as (8;ower; Oupper)

is a feed-forward compensation which has been previously
used for the introduction of several modulation techniques
applied to multilevel converters [13]-[16]. This feed-forward
compensation avoids the low order distortion due to possible
dc voltage imbalances in the converter.



TABLE I
SWITCHING SEQUENCE AND SWITCHING TIMES CALCULATION OF THE
PROPOSED 2DM TECHNIQUE

Switching Switching
6lowe’r‘ .
Sequence Times
>0 Hip=1 th = Vea—[Siower|
Hjp=2 Vez
<0 Hy=1 t1y = Otower]
H;5=0 Voo
Switching Switching
6upper .
Sequence Times
>0 Hyp=2 ty = Lupper
H712=1 Vo
<0 H“1=O tuz = VCl_l‘suppe,T‘
B Hyz=1 Ve

Finally, it has to be noticed that a multiplicative effect in
the switching frequency of the phase voltage 1/, is obtained
by using the 2DFFM technique. In this way, the switching
frequency of each H-bridge is the half of the switching
frequency of the total output voltage. This is achieved by
changing the order of the switching in the upper and lower
cells as can be observed in Table I.

IV. 2DFFM TECHNIQUE FOR 2C-CHB SYNCHRONOUS
RECTIFIERS ACHIEVING DC VOLTAGE CONTROL

In this paper, the control of the dc voltages of the 2C-CHB
has been applied as the criterion to calculate the best switching
sequence of the 2DFFM technique. The derivation steps of the
proposed controller are the following:

A. Starting Point Calculation

The developed control method has to choose one specific
point from the solutions set as the starting solution. This
initial solution point, named equilibrium point, is defined as
(Eqs, Eqy) as follows:

(Bqu, Bay) = (ot Tab). ©)

The graphical representation of the equilibrium point is
represented in Fig. 4. It can be noticed that this point is
located on the 45° slope line because of (3). This condition is
usually fulfilled but, if the dc voltage unbalance is big enough,
the equilibrium point could be out of the 2D control region
becoming an impossible solution. In this case, the equilibrium
point has to change to be on the solutions set. The necessary
saturation of the equilibrium point is summarized in Table II.

B. Definition of the Control Strategy

All possible solutions obtained from the control strategy
have to be on the solutions set fulfilling (1) and (2). Con-
sidering the synchronous rectifier application, the influence of
changing the value of djower and dyupper On the dc voltages
Vo and Vg respectively is studied. Depending on the phase

-V
—— ¢ - 302]
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Fig. 4. Representation of the equilibrium point (¢, gy ) in the 2D control
region of the 2C-CHB.

TABLE II
EQUILIBRIUM POINT SATURATION

Condition Equilibrium point (Eq., Eqy)
Yab > Ve (Voz, V2, — Vo)

Vb > Vey (V7 = Ver, Ver)
V%*b < —Vo2 (=Vea, Vi, + Veo)
Yeb < _vg, (V2 + Vor,—Ver)

TABLE III
INFLUENCE OF §}6yer AND Gypper ON THE DC VOLTAGES
diower  Phase current DC Voltage
condition (I,,)  Influence (Vi)

) >0 Voo 1

d >0 e -

) <0 Vea 1

{ <0 Vea 1t
dupper ~ Phase current DC Voltage

condition Influence

) >0 Ver t

d; >0 e, &

) <0 Vel d

{ <0 Voi T

current I,; sign (see Fig. 1), this influence can be determined
and is summarized in Table III.

The controller used in this paper is a conventional PI
controller applied to the calculation of 6jpwer and dypper-
The mathematical expressions that form the PI controller have
been designed taking into account the Table III. The controller
design parameters k, and k; have to be positive real numbers.



Fig. 5. Representation in the 2D control region of the 2C-CHB of the chosen
point (0;0wer dupper) starting from the initial solution (Eqy, F£qy).

AVer = (Véq — Ver) le=e,
AVes = (Vi — Ver)li=u,
& = (AVer — AViea) I apli=t,
&+ &
2
Oupper = Eqyli=tr + kp&r + Eixn

- 6upper (4)

The controller moves the selected point from the equilibrium
point to a new one where d;y¢r and dypper are chosen in order
to achieve the control objective. This concept is graphically
represented in Fig. 5. It is important to notice that using (4)
any dc voltage can be applied to be controlled in the 2C-CHB
converter only changing the desired dc voltages V%, and V3.
Using the 2DFFM technique and the dc voltage controller, any
dc voltage can be achieved avoiding errors in the modulation
if the dc voltages are not perfectly controlled (for instance in
fast transients or without any load).

*
5lowe7“ = Vab|t=tk

C. Switching Sequence and Switching Times Calculation

Once, djower and Oypper are determined by the controller
using (4), the final switching states and the switching times
can be easily calculated using Table I.

V. RESULTS OF THE 2DFFM TECHNIQUE WITH DC
VOLTAGE CONTROL FOR THE 2C-CHB

The 2DFFM technique and the dc voltage controller have
been tested using a 2C-CHB connected to the grid (230V,
50Hz) using an inductance L equal to 2 mH. The switching
frequency of each H-bridge is equal to 2 kHz. A pure resistive
load is connected to the dc side of the 2C-CHB converter in
order to test the behavior of the proposed technique.

In the first experiment, the two H-bridges of the 2C-
CHB have equal desired dc voltages (V5=V3,=200 V). The
2DFFM technique with the dc voltage control is successfully
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Fig. 6. Results of the 2DFFM technique achieving dc voltages balancing
(V&,=V45=200 V). Instantaneous dc voltage of the H-bridges (V1 and

Vo).
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Fig. 7. Results of the 2DFFM technique achieving dc voltages balancing

(V&1=V45=200 V). Phase current I,;, multiplied by 3, phase voltage Vyy,
and phase voltage reference V.

applied and the obtained instantaneous dc voltages V¢ and
Vo are represented in Fig. 6. The obtained phase current Iy,
the phase voltage V;; and its reference V), are represented in
Fig. 7. It can be observed that the desired dc voltage values
of the H-bridges are achieved whilst the unity power factor
is obtained as well. A detail of the obtained phase voltage
is depicted in Fig. 8 where the output voltage of each H-
bridge is represented. It can be noticed that the effective
switching frequency of the phase voltage V,; is 4 kHz due
to the multiplicative effect obtained by the 2DFFM technique.
Finally, the 2D control region and the chosen points by the
controller are plotted in Fig. 9.

In a second experiment, the desired dc voltages of the two
H-bridges of the 2C-CHB are suddenly changed from the
balanced situation V3,=V5,=200 V to have different desired
dc voltages equal to V%,=300 V and V%,=100 V. The transient
response of the proposed controller is represented in Fig. 10.
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Fig. 8. Results of the 2DFFM technique achieving dc voltages balancing
(V&1=V5=200 V). Output voltage of upper and lower H-bridges (Vupper
and Vjower) and phase voltage Vip.
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Fig. 9. Representation of the points used in the 2D control region in order
to achieve dc voltages balancing (V5 =V5,=200 V).

It can be observed that the new references are achieved in 40
miliseconds. In addition, as the number of levels increases due
to the unbalanced dc conditions, the number of levels of the
phase voltage increases as well.

In steady state conditions with V%;=300 V and V3,=100
V, the obtained instantaneous dc voltages V-1 and Vo are
represented in Fig. 11. The obtained phase current I, the
phase voltage V,; and its reference V) are represented in Fig.
12. As happens with the balanced case, tt can be observed that
the desired dc voltage values of the H-bridges are achieved
whilst the unity power factor is obtained as well. A detail of
the obtained phase voltage in this unbalanced case is depicted
in Fig. 13 where the output voltage of each H-bridge is
represented. Finally, the 2D control region and the chosen
points by the controller are plotted in Fig. 14.

VI. CONCLUSIONS

In this paper, a simple two-dimensional modulation tech-
nique for single-phase two-cell multilevel cascaded converters
has been used to achieve a useful target such as the dc voltage
control in a rectifier application. The proposed controller
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Fig. 11. Results of the 2DFFM technique achieving dc voltages balancing

(V£1=300 V and V/%,=100 V). Instantaneous dc voltage of the H-bridges
(VCI and ch).

chooses a specific switching sequence among all the possi-
ble ones achieving the desired objective. Using the 2DFFM
technique with the dc voltage control, any dc voltage of the
H-bridges can be achieved without changing any additional
control parameter. Some results are shown in order to validate
the 2DFFM technique to achieve this goal.
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