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Natural Frame Control of Single-Phase
Cascaded H-Bridge Multilevel Converter Based

on Fictive-Phases Construction
Daliang Yang , Ning Wu , Li Yin , and Ziguang Lu

Abstract—In this paper, a novel natural frame control
is proposed for a single-phase cascaded H-bridge (CHB)
multilevel converter. Natural frame control can acquire
sinusoidal current waveform and achieve the balanced
control of dc-link voltage without phase-locked loop or any
coordinate transformation. Compared with conventional
single-phase dq control, it only needs an imaginary volt-
age component without requiring an imaginary current
component, which can eliminate additional current delay.
Moreover, a new imaginary voltage construction method,
referred to as fictive-phase construction (FPC), based
on phase leading is presented. The delay time of FPC is
only 1.67 ms theoretically under the condition of 50-Hz
frequency, which is faster than the existing delay time
of 5 or 3.33 ms. This effectively improves the real-time
performance of the system when grid voltage fluctuates.
Simulation and experimental results for a three-cell CHB
converter validate the proposed control method.

Index Terms—Cascaded H-bridge (CHB), fictive-phases
construction (FPC), multilevel converter, natural frame
control.

NOMENCLATURE

f Signal frequency (in hertz).
fs Sampling frequency (in hertz).
δ Phase difference between the two adjacent sam-

pling points (in degrees).
N Sampling points per signal cycle.
n Data interval.
ϕ Phase difference between the two sampling data

(in degrees).
ea , eb, ec Instantaneous three-phase grid voltage. (in

volts).
e∧

a , e∧
b , e∧

c Orthogonal components of the correspond-
ing instantaneous three-phase grid voltage. (in
volts).

es Active voltage vector.
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e∧
s Reactive voltage vector.

eα , eβ Components of es in stationary reference frame.
va , vb, vc Active voltage unit vector.
wa , wb, wc Reactive voltage unit vector.
i∗

p, i∗
q Active and reactive current references.

i∗
pa, i∗

pb, i∗
pc Three-phase active current references.

i∗
qa , i∗

qb, i∗
qc Three-phase reactive current references.

i∗
sa , i∗

sb, i∗
sa Total three-phase current references.

I. INTRODUCTION

IN RECENT years, single-phase cascaded H-bridge (CHB)
multilevel converters is one of the most popular multilevel

topologies, due to its modular structure, lower switching fre-
quency, simple layout, and small number of components, com-
pared with other multilevel topologies [1], [2]. These advantages
make the CHB converter the key element in the control structure
of many medium- and high-power applications. It has been em-
ployed in solid-state transformers [3], [4], static synchronous
compensators [5], [6], grid-connected photovoltaic (PV) sys-
tems [7]–[9], and active rectifier [10].

Since the CHB multilevel converters feature several dc-links
(see Fig. 1), the general control scheme needs to fulfill a double
task: ac-side sinusoidal current with a unity power factor, and
balanced control of the dc-link voltage. During recent years, sev-
eral strategies have been proposed, (e.g., passivity-based, pre-
dictive, and proportional-integral (PI)-based control schemes),
in order to achieve current regulation and balance control of
CHB converters [11]–[13].

Generally, synchronous frame control, also called dq control,
and stationary frame control have been widely used for current
control of single-phase or three-phase pulse width modulation
(PWM) converters [14]–[17]. In dq control, ac variables are
transformed to the equivalent dc quantities by coordinate trans-
formation. Next, the PI controllers can be used to achieve zero
steady state errors due to their dc infinite gain, which can make
the system obtain fast response times and good stability [18].
In [19] and [20], a single-phase dq control method is presented
for CHB converters. This scheme can acquire sinusoidal cur-
rent waveform with a unity power factor and keep the dc-link
voltage the same. In stationary frame control, including sta-
tionary reference frame control and conventional natural frame
control, active and reactive current command are transformed
to the ac current reference by coordinate transformation. The

0278-0046 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

https://orcid.org/0000-0003-4234-2925
https://orcid.org/0000-0001-7700-098X
https://orcid.org/0000-0003-4449-1430
http://www.tarjomehrooz.com/


YANG et al.: NATURAL FRAME CONTROL OF SINGLE-PHASE CHB MULTILEVEL CONVERTER BASED ON FPC 3849

Fig. 1. Three-cell single-phase CHB converter.

proportional-resonant (PR) controllers can, then, be adopted to
track ac reference signals with zero steady state error. The PR
controllers provide an infinite gain at the concerned frequency
to eliminate zero steady state error, which is basically equiva-
lent (in view of the concerned frequency) to PI controllers in
the dq frame [21]. In [22], the control idea based on the natu-
ral reference frame has been proposed for three-phase grid-tied
converters. This method can achieve individual control for each
grid current using PR controllers. However, all of the above-
mentioned control schemes in synchronous or stationary frames
are based on phase-locked loop (PLL) and coordination trans-
formation. Usually, the PLL is used to obtain the grid voltage
angle. The advantage is a better rejection of grid harmonics, but
the algorithm will be more complex when grid voltage is unbal-
anced or fluctuated. Therefore, the computational complexity of
PLL and multiple coordinate transformations increases the cal-
culation burden of the embedded processor, such as the digital
signal processor (DSP) and field-programmable gate array.

The dq control were originally introduced for three-phase
systems, and then extended to single-phase applications. It can-
not be directly applied to a stationary-to-rotating frame (αβ

to dq) transformation, as a single-phase system contains only
one phase physical variable. The imaginary orthogonal signals,
including voltage and current signal, in conventional methods
are acquired by phase shifting the measured real signals us-
ing a 1/4 of the fundamental period. The conventional method
tends to deteriorate the dynamic performance and can be os-
cillatory, because of a delay of 1/4 of the fundamental period
[23]. Instead of time-delay methods, improved single-phase dq
control methods have been proposed. The fictive-axis emula-
tion method is proposed in [24], where the imaginary current is
generated by virtually emulating the output filter inductor in the
controller. Thus, its performance and response depends on the
system parameters. In another approach, the novel orthogonal
signal generation method employed active and reactive current

command to estimate imaginary current signal [25]. Although
this method offers a fast and robust dq current controller, the
initial phase of the imaginary current is calculated by the arc-
tangent function, which is limited for the value of the current
reference.

With the rapid development of renewable energy resources
(RES) such as solar and wind energy, a high penetration of
PV and wind generation may significantly impact power sys-
tems, leading to increased fluctuation of grid frequency, and
voltage amplitude [26], [27]. In the conventional imaginary
voltage construction method of single-phase systems, the imag-
inary voltage was constructed by the phase-lagging measured
voltage signal by 1/4 or 1/6 of the fundamental period [28],
[29]. The delay time is 5 or 3.33 ms under the condition of
50-Hz frequency when voltage signal fluctuates. Unlike com-
mon imaginary voltage construction approaches based on phase
lagging, a new method called the fictive-phase construction
(FPC) is presented, further improving the real-time performance
of the system due to the time delay of 1.67 ms.

In this paper, a novel natural frame control is proposed for
single-phase CHB multilevel converters, by introducing an ac-
tive voltage unit vector (AVUV) and reactive voltage unit vector
(RVUV). In the proposed control methods, ac-side sinusoidal
current with a unity power factor and balanced control of the dc-
link voltage can be achieved without PLL or any coordination
transformation. Compared with conventional single-phase dq
control, natural frame control needs only the imaginary voltage
component, not imaginary current component, which can elim-
inate additional current delay. Moreover, FPC was proposed to
improve real-time performance when single-phase grid voltage
fluctuates, such as voltage sag and voltage swell.

This paper is organized as follows. First, the principle of the
FPC method and natural frame control is explained in Section II.
Next, the simulation results are described in Section III. Section
IV shows the experimental results that verify the proper opera-
tion of the CHB converter, and Section V concludes this paper.

II. PRINCIPLE OF CONTROL METHOD

A. Topology of the CHB Multilevel Converter

Fig. 1 shows a three-cell H-bridge system connected in series,
where us is the grid voltage, isa is the ac-side current, R is the
input line resistance, L is the input inductor, and uc is the ac-side
voltages of the CHB converter. The udc1, udc2, and udc3 are the
c-side voltages across the capacitor of the H-bridge. R1, R2, and
R3 are pure resistive loads connected to dc-side of each cell.

B. Presentation of FPC Method

The conventional control scheme is unable be used directly,
because the single-phase system contains only one phase phys-
ical variable. Normally, there are two approaches constructing
imaginary multiphase systems. The first is to introduce a phase
lagging of 90°, with respect to the fundamental frequency of
the real signal, constructing the orthogonal αβ frame [28]. This
method is called the αβ construction method. The second is as
follows: −uc is obtained through a 60° delay of ua ; then ub
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Fig. 2. Schematic diagram for sampling real-time data and lead-lag
data

is calculated by ub = − ua − uc [29]. As a result, a symmet-
rical abc frame is built, which is called the abc construction
method. With the increased penetration level of RES in power
systems, the delay time of the conventional imaginary voltage
construction method is 5 or 3.33 ms under the condition of 50-
Hz frequency. Therefore, a new voltage construction approach
is proposed in this paper, to improve the real-time performance
when voltage fluctuated.

1) Principle of the New Algorithm: Let T represent a signal
cycle time and N is the number of data samples per cycle. The
relationship between the data- sampling time of the algorithm
and the data of the leading and lagging time is shown in Fig. 2.
Regarding the newest sampling data as the Nth sample, the pre-
vious historical data is recognized as the phase-leading data, and
the phase-lagging data can only be obtained by the next moment
or a longer time delay. Taking phase shifting 60° and 90° as an
example, the delay time is 1/4 and 1/6 of the fundamental period,
respectively. The imaginary signal data is not credible during
this period, and this phenomenon is called “abnormal detection”
[30]. From Fig. 2, it can be concluded that the constructed imag-
inary signal, whether using the phase-leading or phase-lagging
data, always has an “abnormal detection” phenomenon. The de-
lay time is equal to the phase difference between the imaginary
signal and the actual detection signal. Therefore, the challenge
is to reduce the phase difference between both sides rather than
use leading or lagging data. Unlike conventional methods based
on phase lagging, the new FPC method is grounded on the idea
of phase leading.

2) Selection of Sampling Frequency: In order to construct
the imaginary three-phase system accurately by FPC, how to
select sampling frequency is described below.

Let f represent the signal frequency and fs is the sampling
frequency. The phase difference δ between the two adjacent
sampling points is

δ = f × 360

fs
. (1)

Let N represent the sampling points per signal cycle, which
is N = fs/ f . The above equation can be written as

δ = 360

N
. (2)

If the angle difference between the two sampling data is ϕ,
the data interval n in the sampling data sequence should be

n = ϕ

δ
= ϕ

N

360
. (3)

The results of the above formula may appear decimal, and it
is impossible to appear decimal in the actual sampling data. For

TABLE I
DATA TABLE OF DIFFERENT SAMPLING FREQUENCIES

fs N δ Interval n of 30°

12.8 kHz 256 1.4063° 21.33
10 kHz 200 1.8° 16.67
9 kHz 180 2° 15
7.2 kHz 144 2.5° 12

this reason, the corresponding measures should be considered,
to ensure that n is an integer. For example, the angle difference
between the two sampling data is 30°, where the corresponding
data interval n is shown in Table I when different a sampling
frequency is selected. It can be seen from Table I that n is an
integer when the sampling frequency is 9 or 7.2 kHz, while
n is decimal when the sampling frequency is 12.8 or 10 kHz,
which causes quantization error. The data that are 30° leading
the current sampling data are found from the known sampling
data, and are based on the data interval n between two sampling
data. This is a factor when the sampling frequency is chosen.

C. Principle of Natural Frame Control

In a balanced, sinusoidal, and three-phase circuit, active and
reactive powers are the most important information that rep-
resents the main characteristics of the system. Applying this
information, three-phase instantaneous voltage can be directly
transformed into active and reactive voltage, achieving the in-
dependent control of active and reactive current, respectively.

The instantaneous active power p and reactive power q in the
natural frame can be described as

[
p

q

]
=

[
ea eb ec

e∧
a e∧

b e∧
c

] ⎡
⎢⎣

ia

ib

ic

⎤
⎥⎦ (4)

where ia , ib, and ic represent the instantaneous three-phase grid
current, ea , eb, and ec represent the instantaneous three-phase
grid voltage, and e∧

a , e∧
b , and e∧

c represent orthogonal compo-
nents of the corresponding instantaneous three-phase grid volt-
age given by following equation:⎡

⎢⎣
e∧

a

e∧
b

e∧
c

⎤
⎥⎦ = 1√

3

⎡
⎢⎣

eb − ec

ec − ea

ea − eb

⎤
⎥⎦ . (5)

Define es = (ea, eb, ec) T as the active voltage vector and
e∧

s = (e∧
a , e∧

b , e∧
c ) as the reactive voltage vector. The active

voltage vector is equal to the amplitude of the reactive volt-
age vector, and is 90° lagging with the reactive voltage vector.
The relationship between the two kinds of vectors is shown in
the Fig. 3.

Considering the symmetry of a balanced three-phase system,
the amplitude of the active voltage vector es = (ea, eb, ec) T is
a constant which can be described as

es =
√

eα
2 + eβ

2 (6)
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Fig. 3. Relationship between active voltage vector and reactive voltage
vector in natural frame.

where eα and eβ represent the components of es in the stationary
reference frame (αβ frame).

According to the Clarke transformation

[
eα

eβ

]
= 2

3

[
1 − 1

2 − 1
2

0
√

3
2 −

√
3

2

] ⎡
⎢⎣

ea

eb

ec

⎤
⎥⎦ . (7)

By substituting eα and eβ from (7) into (6), the following
equation is deduced:

es =
√

2

3

(
ea

2 + eb
2 + ec

2
)
. (8)

The AVUV is derived as follows:⎡
⎣va

vb

vc

⎤
⎦ = 1

es

⎡
⎣ea

eb

ec

⎤
⎦ . (9)

The RVUV is derived as follows:⎡
⎢⎣

wa

wb

wc

⎤
⎥⎦ = 1

e∧
s

⎡
⎢⎣

e∧
a

e∧
b

e∧
c

⎤
⎥⎦ . (10)

According to the relationship between the active voltage vec-
tor and the reactive voltage vector, the RVUV can be expressed
by the AVUV, written as the following equation:⎡

⎢⎣
wa

wb

wc

⎤
⎥⎦ = 1√

3

⎡
⎢⎣

0 −1 1

1 0 −1

−1 1 0

⎤
⎥⎦

⎡
⎢⎣

va

vb

vc

⎤
⎥⎦ . (11)

Define i∗
p as the active current reference. Multiplication of

AVUV (va , vb, vc) with i∗
p yields the active component of the ac

reference currents (i∗
pa , i∗

pb, i∗
pc) given as follows:

⎡
⎢⎣

i∗
pa

i∗
pb

i∗
pc

⎤
⎥⎦ = i∗

p

⎡
⎢⎣

va

vb

vc

⎤
⎥⎦ . (12)

Define i∗
q as the reactive current reference. Multiplication of

RVUV (wa , wb, wc) with i∗
q produces the reactive component

of the ac reference currents (i∗
qa , i∗

qb, i∗
qc), given as follows:

⎡
⎢⎣

i∗
qa

i∗
qb

i∗
qc

⎤
⎥⎦ = i∗

q

⎡
⎢⎣

wa

wb

wc

⎤
⎥⎦ . (13)

The total reference currents are given as follows, using (12)
and (13). From (14), the total reference current is the sum of the
active and reactive components of the reference currents

⎡
⎢⎣

i∗
sa

i∗
sb

i∗
sc

⎤
⎥⎦ =

⎡
⎢⎣

i∗
pa

i∗
pb

i∗
pc

⎤
⎥⎦ +

⎡
⎢⎣

i∗
qa

i∗
qb

i∗
qc

⎤
⎥⎦ . (14)

Note that the CHB converter is applied in the single-phase
system, using one phase current reference as current reference.

D. Natural Frame Control of the CHB Converter

The entire control diagram of natural frame control is shown
in Fig. 4, where the control system is formed as a double closed-
loop control structure by the outer voltage loop and the inner
current loop. The three-phase system is constructed by the FPC
method. The AVUV (va , vb, vc) and RVUV (wa , wb, wc) are
calculated using (8)–(11). The outer voltage loop regulates the
total dc voltage and output active current reference i∗

p by a PI
controller. The reactive current reference i∗

q is directly given. A
voltage balance control module is used, in order to obtain the
current reference of each H-bridge. Errors between the measured
current isa and current reference, i∗

sa1, i∗
sa2, and i∗

sa3, are input to
the PR regulators that can track ac reference signals with zero
steady state error, generating modulation voltage signals u∗

sa1,
u∗

sa2, and u∗
sa3 for each H-bridge. To modulate the voltage signals

u∗
sa1, u∗

sa2, and u∗
sa3, a carrier phase-shifted PWM (CPS-PWM)

technology has been adopted. Meanwhile, the q-axis current
references i∗

q are zero, which means the unit power factor can
be achieved.

The voltage balance control module adjusts the current ref-
erence i∗

sa1, i∗
sa2, and i∗

sa3 individually to achieve different real
power distributions of the H-bridges. Fig. 5 illustrates the pro-
posed voltage balance control module. In Fig. 5, i∗

p is calculated
by the outer voltage loop. The individual dc-link voltages of
three H-bridges, udc1, udc2, and udc3, are compared with the
same dc-link voltage reference uref to generate p-axis compen-
sation �p1, �p2, and �p3 by a PI regulator. Next, �p1, �p2,
and �p3 are added to i∗

p to obtain the three p-axis references
i∗

p1, i∗
p2, and i∗

p3. Current references i∗
sa1, i∗

sa2, and i∗
sa3 for each

H-bridge are calculated according to (12)–(14).

III. SIMULATION RESULTS

To verify the proposed ideas, the simulation of the proposed
methods is first conducted in the Simulink/MATLAB R2015a
software environment.
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Fig. 4. Natural frame control of CHB converter.

Fig. 5. Voltage balance control module.

A. FPC Simulation

In order to determine if the proposed method is more suitable
to create the imaginary voltage signal, it was compared with
methods currently used. Assume that the measured single-phase
voltage signal ua is expressed as

ua =
{

220
√

2 cos (314t), t ≤ 0.06 s or t > 0.10 s

176
√

2 cos
(
314t + π

6

)
, 0.06 s ≤ t ≤ 0.10 s.

The voltage signal ua experienced a 20% amplitude dip and
π /6 phase jump during 0.06–0.10 s, where the duration is two
fundamental periods. The start and end time of voltage sag is
instantaneous.

The simulation results of different imaginary voltage
construction methods are shown in Fig. 6 when reference
voltage signal fluctuates. It can be observed from Fig. 6 that
the variation of voltage amplitude is only 20%, but all methods
can detect the voltage fluctuation effectively, constructing other
two-phase voltage signals correctly. From the comparative
simulation results it can be concluded that the delay time of
the FPC method is 1.67 ms, and the delay time of the abc
construction method is 3.33 ms, while the delay time of the
αβ construction method is 5 ms. The simulation results are
consistent with the theoretical analysis.

B. Natural Frame Control Simulation

The CHB converter that was illustrated in Fig. 1 was used
in the simulation and the main parameters for the system are

Fig. 6. Imaginary voltage construction results for 20% voltage sag
and π /6 angle-shift. (a) FPC method. (b) abc construction method [29].
(c) αβ construction method [28].

TABLE II
SIMULATION PARAMETERS OF THE SYSTEM

Parameter Value

Grid voltage rms value (us ) 220 V
Grid frequency ( fg) 50 Hz
Input inductance (L) 3.0 mH
DC-link total voltage (Udc) 400 V
DC-link capacitance (C) 104 μF
DC-link load resistance 15 �

Voltage controller parameter (P,I) 0.1,10
Current controller parameter (P, R, wc) 0.5, 100, 6.28

shown in Table II. Fig. 7 shows the grid current and grid voltage
waveform in steady state when a 15-� resistor is connected
in each dc-link. Fig. 8 shows the seven-level staircase voltage
generated on the ac-side of the three-cell CHB converter. The
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Fig. 7. Grid voltage and grid current.

Fig. 8. Seven-level voltage waveform on ac side of three-cell CHB
converter.

natural frame control without PLL or coordinate transformation
can also generate high-quality current waveform and achieve
the unity power factor, compared with Fig. 8 in [19] that uses
single-phase dq control.

IV. EXPERIMENTAL RESULTS

A. Experimental Prototype

A 1-kVA, down-scaled, experimental prototype of the single-
phase CHB converter shown in Fig. 1 was created to verify
the proposed control method. Fig. 9(a) depicts the experimental
setup, where the H-bridge is designed by insulated gate bipo-
lar transistor. Fig. 9(b) shows the block diagram of the exper-
imental setup. The proposed algorithm was implemented by
CPU1 of the TMS320F28377D 32-bit, floating-point DSP. The
CPS-PWM technology used programmable, phase-control, and
enhanced PWM modules. The grid voltage, grid current, and
dc voltages were measured via built-in, 16-bit ADC and outer
high-performance hall sensors. The system adopted switching
frequencies equal to the sampling frequency of 9 kHz, which
can ensure the data interval n is an integer. The dead time of
the PWM signals is 5 μs. The converter is connected to the
utility grid us through a coupling transformer T1 and a voltage
regulator T2, which can ensure experimental equipment safety.
Secondary-side voltage of the regulator T2 is set to 100 V (rms),
while the dc-side capacitor voltage references are set to 50 V in
each H-bridge. The other experimental parameters are the same
as simulation parameters.

B. Experimental Results

Fig. 10 illustrates the experimental results using the control
diagram shown in Fig. 4. The grid current is nearly sinusoidal

Fig. 9. Three-cell CHB converter experimental setup. (a) Picture of the
experimental setup. (b) System diagram.

Fig. 10. Experimental grid currents in steady state.

Fig. 11. THD of grid current and power factor in steady state.

shape with low harmonic distortion. The total harmonic dis-
tortion (THD) of the grid current shown in Fig. 10 is 4.3%,
as shown in Fig. 11(a). This is less than 5% and meets power
quality standards, like IEEE 1547 in the U.S and IEC61727 in
Europe. From Fig. 11(b), it can be noticed that the unit power

http://www.tarjomehrooz.com/


3854 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 65, NO. 5, MAY 2018

Fig. 12. Experimental dc-link voltage of H-bridge in steady state.

Fig. 13. Experimental dc-link voltage of H-bridge in transient state.

factor can be achieved by natural frame control. Fig. 12 shows
the seven-level voltage produced on the ac-side of the CHB con-
verter and the dc-link capacitor voltage references are achieved
in each H-bridge. Fig. 13 shows the transient results when the
load is applied in each H-bridge. The drop voltage of the dc-
link is 14% of the voltage reference, and the transient time is
approximately four grid cycles. The DSP clock frequency is set
to 200 MHz and the total execution time of the proposed method
is approximately 5.77 μs, which is very fast and suitable for im-
plementation in embedded processors.

C. Comparison With Single-Phase dq Control

To verify the control of the P&Q axes efficiently of the nat-
ural frame control, a step current reference change with natural
frame control and conventional single-phase dq control was
completed. For fairness of the comparison, the zero-crossing
detection of post-processing blocks on the TMS320F28377D

Fig. 14. Step current reference change of rectifying mode. (a) Conven-
tional single-phase dq control. (b) Natural frame control.

Fig. 15. Step current reference change of inverting mode. (a) Conven-
tional single-phase dq control. (b) Natural frame control.

DSP was used to trigger step-change signals. Both i∗
p and i∗

q are
stepped from 0 to 10 A or 0 to–10 A. The capacitor and resistor
that connected to each dc-side of the H-bridge are substituted to
the dc source at this moment.

Figs. 14–17 illustrate the dynamic performance with step
current change in i∗

p and i∗
q . As observed in these figures, natural

frame control makes system responses rapid, and can exactly
track the new current reference within 1 ms, achieving P&Q axes
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Fig. 16. Step current reference change of capacitive mode. (a) Con-
ventional single-phase dq control. (b) Natural frame control.

Fig. 17. Step current reference change of inductive mode. (a) Conven-
tional single-phase dq control. (b) Natural frame control.

control, separately. Utilization of the single-phase dq control in
this system, however, generates sustained distortion over 5 ms
in grid-connected currents with step change. The reason is that
the imaginary orthogonal current signal has to be created by a
delay of 1/4 of the fundamental period in conventional single-
phase dq control. The structure and performance comparison of
natural frame control and conventional single-phase dq control
is shown in Table III, according to the experimental tests.

TABLE III
STRUCTURE AND PERFORMANCE COMPARISON OF TWO METHODS BASED

ON THE EXPERIMENTAL TESTS

Structure & Conventional Natural
Performance Single-Phase Frame

dq Control Control

Imaginary voltage component Need Need
Imaginary current component Need No
PLL Need No
Coordinate transformation Need No
Response of step current reference change Slow Fast
Total execution time 7.28 μs 5.77 μs

Fig. 18. Step current reference change in stepwise manner.

In order to further verify that natural frame control properly
follows the current references, a dynamic test was performed.
As can be seen in Fig. 18, the grid voltage us is in phase with
grid current is when i∗

p is 5 A and i∗
q is 0 A initially. The value

of i∗
q is stepped from 0 to 2.5 A. After 40 ms, i∗

q is stepped from
2.5 to 5 A. Along with the current reference changes, the phase
difference between us and is has the corresponding change. The
obtained results confirm the correct operation of natural frame
control during current reference change.

D. Voltage Balance Control Based on Natural Frame
Control

One of the main disadvantages of the CHB converter is the
voltage unbalance of the dc-link due to the converter switching
loss, time delay of the gate pulse, and H-bridge real power dif-
ferences. In order to verify the voltage balance control, the load
resistors R1, R2, and R3 connected to the three dc-links udc1,
udc2, and udc3 are changed to create the load differences. In this
experiment, the load resistor R3 changes from 15 to 10 �, while
R1 and R2 maintain as 15 �. Fig. 19 illustrates the three dc-link
voltages without the voltage balance control. The three dc-link
voltages are all regulated at 50 V when the loads are the same.
However, after the loads change, the dc-link voltages become
approximately 55, 55, and 40 V, respectively. The H-bridge
with a larger load resister has a higher dc-link voltage (udc1

and udc2 in Fig. 19). Fig. 20 shows the three dc-link voltages
with voltage balance control. The balance controller regulates
the dc-link voltage when there is a load change. The dc-link
voltages have a transit time of approximately five cycles, then
settle down to be the same voltage. The experiment verifies the
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Fig. 19. DC-link voltages without voltage balanced control.

Fig. 20. DC-link voltages with voltage balanced control.

effectiveness of the natural frame control with voltage balance
control.

V. CONCLUSION

In this paper, a novel natural frame control based on FPC for
single-phase CHB multilevel converter has been proposed. The
natural frame control can fulfill a double task: ac-side sinusoidal
current with a unity power factor and balanced control of the
dc-link voltage without PLL or any coordination transforma-
tion. Moreover, compared with single-phase dq control, natural
frame control needs only the imaginary voltage component, not
imaginary current component, which can eliminate additional
current delay. The proposed FPC method not only creates a
“symmetrical” and “stable” three-phase system, but also further
improves the real-time performance of the system due to the
1.67 ms delay time. Simulation and experimental results for a
three-cell H-bridge system have shown that the proposed natu-
ral frame control and FPC method operate together to achieve a
sinusoidal current, unity power factor, and dc-link voltage bal-
ance. Natural frame control can apply to other PWM converters
because of the simple structure and easy implementation. Due
to the very short delay time of the FPC method, it is especially
recommended for voltage sag detection.
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