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Letters

A Simple Autonomous Phase-Shifting PWM Approach for Series-Connected
Multi-Converter Harmonic Mitigation

Liyang Du and Jinwei He

Abstract—In order to reduce the high-frequency switching har-
monics of cascaded H-bridge (CHB) converters, phase-shifting
pulsewidth modulation (PWM) using a centralized controller has
been extensively studied. In this letter, an improved decentralized
PWM strategy is proposed as an alternative approach for decen-
tralized modulation. First, the output current of CHB converter is
measured by each power cell as an effective synchronization indi-
cator to identify the digital carrier angle of each power cell at the
exact time of output current fundamental component zero crossing.
Then, a PI controller dynamically adjusts the carrier relative an-
gles of all power cells until they are properly interleaved. Together
with the an inverse power factor droop for power sharing control,
a CHB converter system can operate at autonomous islanded mode
in a fully decentralized manner. Experiments from a single phase
islanded CHB converter have been conducted to validate the cor-
rectness of the proposed approach.

Index Terms—Autonomous control, cascaded H-bridge, inverse
droop control, phase-shifting modulation, power quality.

I. INTRODUCTION

D ISTRIBUTED dc resources including photovoltaics and
batteries are widely used to power up ac loads or integrated

into high-voltage main grids in a collaborative manner [1], [2].
In the previous research, parallel operation of distributed gener-
ation (DG) units has been extensively studied and the real power
frequency droop control and the reactive power voltage magni-
tude droop control have been widely used to facilitate the power
sharing requirement in a decentralized manner [3].

For high-voltage grid integration, bulky matching transform-
ers are needed for low-voltage DG units. Alternatively, cascaded
H-bridge (CHB) converter for transformer-less grid integration
has received increasing attentions due to its modular configura-
tion and the multiple dc ports to interconnect low-voltage dis-
tributed dc resources with different features [4]. Regarding the
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modulation approach of CHB converters, phase-shifting modu-
lation has been widely adopted to reduce the impact of switching
frequency harmonic components. A central controller is usually
needed for its closed-loop control and pulsewidth modulation
(PWM) generation [4]–[6]. However, centralized architectures
are associated with low reliability, particularly for high-voltage
applications that need more power cells.

In addition, for the emerging applications that interconnect
remotely installed distributed DG resources to form a cascaded
power-cells-based electrical system, using a centralized control
is difficult as sending PWM gating signals from central con-
troller to power cells via long signal wires are particularly sen-
sitive to disturbances and noises. To deal with this problem,
the inverse power factor or inverse real power droop control
can be applied to the system [7]. Accordingly, multiple series-
connected power cells can actively participate in the sharing
of load demand without any communications between them.
Although the power sharing is performed in a decentralized man-
ner, it should be noted that the carriers for PWM gating are gen-
erated independently by the local digital processors of power
cells. As a result, bulky LC filters are needed to filter output
the impact of excessive harmonic components of the CHB con-
verter output voltage. Although a few literatures have discussed
the phase-shifting PWM using coordinated power cell local con-
trollers [8], but cost-expensive high bandwidth communications
between power cells with low delay are always needed.

In this letter, a phase-shifting PWM of CHB converter is re-
alized by using only local control of each power cell. First,
the fundamental component of output current is extracted by
each power cell local controller and the zero-crossing time is
utilized as the base point to identify the carrier angle of each
power cell. Afterward, an online phase-shifting modulation tun-
ing is applied with the adjustment of carrier phase angles. The
proposed decentralized phase-shifting PWM approach has been
validated on a single-phase islanded system as an example. It
has also been demonstrated that the modulation approach has
no obvious interference with the decentralized power sharing
control.

II. PROPOSED METHOD

A fully autonomous phase-shifting PWM approach for single-
phase islanded CHB converter is proposed in this section.
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Fig. 1. Diagram of CHB converter with the proposed decentralized controller.

A. System Configuration

The diagram of a CHB converter is shown in Fig. 1. The
power circuit is composed of a single-phase CHB converter and
an output LC filter (L1 andC1). The filter capacitor voltageVPCC

is regulated to supply the local load with current Iload. In order
to focus on the power control and PWM control of the CHB
converter, it is assumed that all power cells have ideal voltage
source in the dc rail.

As there is no central controller in this system, all power
cell local controllers have the same control architecture. The
proposed autonomous controller of a power cell in CHB is shown
in the left part of Fig. 1. The details are presented in the following
sections.

B. Decentralized Power Control

For the sake of simplicity, all power cells are assumed to
provide the same real and reactive power to local loads. A sim-
ple inverse power factor droop control is adopted to realize the
aforementioned control target as

ωref(k) = ω∗ + PF(k) ·DPF (1)

where ωref(k) is the angular frequency of reference voltage,
and ω∗ is the nominal angular frequency. PF(k) is the esti-
mated power factor of the power cell, and DPF is the inverse
droop coefficient. k means the sampled values at the kth sampling
interval.

With the obtained angular frequency, the reference voltage
angle θV ref(k) can be given using a digital integrator as

θV ref(k) = θV ref(k − 1) + ωref(k) · Ts (2)

where θV ref(k − 1) is the reference voltage angle in the previous
sampling period, and Ts is the processing period of the power
cell.

Then, the instantaneous reference voltage V ref(k) is calcu-
lated as

V ref(k) = E∗/n · cos(θV ref(k)) (3)

where E∗ is the nominal value of point of common coupling
(PCC) voltage, and n is the series-connected power cell numbers.

As the output voltage of a power cell is high-frequency PWM
waveform, an accurate measurement of output voltage for power
factor calculation is difficult. When only the output current
IIL(k) is measured to carry out the inverse power factor droop
control as shown in (1), the power factor of a power cell can be
estimated using the following two steps. First, the output cur-
rent angle θIL(k) ranging from –π to π rad is extracted using
a sliding discrete fourier transform extractor. Then, the power
factor of power cell is simply estimated as

PF(k) = cos(θV ref(k)− θIL(k)). (4)

To solve the algebraic-loop problems associated with the im-
plementation of (4), it is modified by using the reference voltage
angle of previous sampling period as

PF(k) = cos(θV ref(k − 1) + ω∗ · Ts − θIL(k)). (5)

With the implementation of the inverse droop control, the
reference voltage of all power cells has the same phase angle to
equally share the load demand.

C. Decentralized Phase-Shifting Modulation

1) Carrier Angle Estimation: It is well understood that the
phase-shifting PWM of a CHB converter is realized by the proper
shifting of power cells carrier angleϕcar, according to power cell
numbers. This needs to identify the relative carrier phase angle
between power cells. However, as there is no control center in
this proposed system, it is impossible for a power cell to acquire
the carrier information of other power cells. Alternatively, it is
observed that all power cells have the same output current even
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Fig. 2. Illustration of carrier counters in up and down mode.

when they are far away from each other. This finding is utilized
as a common synchronizer for the identification of relative phase
angle of power cell carriers.

First, a high-resolution digital counter with 75 MHz digital
clock is operating in up and down mode to generate the triangle
carrier at 2 kHz nominal switching frequency f ∗

sw. The nominal
period register PRD∗ is simply set to 18 750 (75 MHz/2 kHz/2)
for the system as shown in Fig. 1. When the clock counts, the
process of a digital is shown in Fig. 2, where CNT is the instan-
taneous counter value register. DIR is the counter direction flag
bit, which is 1 when the digital counter is in counter up mode
and 0 in counter down mode [9]. From Fig. 2, it is easy to obtain
that the digital expression of the counter can be converted into
the carrier phase angle ϕcar as

ϕcar =
Abs(2PRD−DIR · 2PRD− CNT)

2PRD
· 360◦ (6)

where the operator “Abs” is a function to obtain the absolute
value.

Then, the digital carrier phase angle can be captured at the time
instant of fundamental component output current zero crossing.
However, note that even the θIL(k) is extracted at a relatively
high frequency at 20 kHz, it is still difficult to get a sample
with θIL = 0. In order to overcome this limitation, a simple
interpolation method is applied to estimate the carrier phase
angle at the exact time with θIL = 0.

The diagram of carrier phase angle estimation is shown in
Fig. 3. First, the two adjacent output current phase angles
θIL(k − 1) and θIL(k) that are close to the zero-crossing point
are captured as shown in the top of Fig. 3. The phase angle of
the carrier at k − 1th and kth sampling interval are captured as
ϕcar(k − 1) and ϕcar(k). Due to that both the phase angles of

digital carrier and output current have good linearity in a short
time interval as shown in Fig. 3, the following relationship is
obtained:

ϕ̂car_zc − ϕcar(k − 1)

θIL_zc − θIL(k − 1)
=

ϕcar(k)− ϕcar(k − 1)

θIL(k)− θIL(k − 1)
. (7)

Fig. 3. Diagram of the output current zero-crossing estimation.

Fig. 4. Diagram of the carrier phase-shifting controller.

Afterward, as θIL_zc = 0 represents the exact zero-crossing
current phase angle, the carrier angle at the time instant of output
current phase angle zero crossing is estimated as

ϕ̂car_zc=ϕcar(k − 1)− ϕcar(k)− ϕcar(k − 1)

θIL(k)− θIL(k − 1)
· θIL(k − 1)

(8)
where ϕ̂car_zc is the estimated angle of carrier.

2) Carrier Phase-Shifting Control: For a CHB converter sys-
tem, the preferred carrier phase angle ϕref

car_zc of each power
cell at the time instant of output current zero crossing can be
pre-determined in an interleaved manner. Then, as shown in
Fig. 4, the difference between the preferred carrier phase angle
ϕref
car_zc and the estimated carrier phase angle ϕ̂car_zc is adopted

to carry out the reference switching frequency Δf ref
sw tuning as

Δf ref
sw = Gadj(z) · (ϕref

car_zc − ϕ̂car_zc)

= (kp +
ki
s
) · (ϕref

car_zc − ϕ̂car_zc)
s= 2

Ts,60 Hz
× z−1

z+1

(9)

where kp and ki are the proportional and integral gain of the
frequency regulator, respectively. Δf ref

sw is the reference carrier
frequency deviation. Note that the abovementioned regulator is
only performed once in each fundamental cycle. In addition,
the PI regulator has small gains to slowly adjust the deviation
of carrier frequency. Furthermore, consider that the switching
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Fig. 5. Illustration of the carrier arrangement versus the output current zero-
crossing point.

TABLE I
PARAMETERS OF THE SYSTEM

frequency is inverse proportional to the carrier period register
PRD as

f ∗
sw

Δf ref
sw + f ∗

sw

=
PRDref

PRD∗ (10)

where f ∗
sw is the nominal switching frequency, and PRD∗ is the

register value corresponding to nominal switching frequency.
Then, it is easy to obtain the reference PRDref as

PRDref = (PRD∗ · f ∗
sw)/(f

∗
sw +Δf ref

sw ). (11)

With the adoption of the proposed adaptive carrier adjustment
method, the carriers of a CHB converter with three power cells
are illustrated in Fig. 5, where the carrier angles of power cells
are 0◦, 60◦, and 120◦, respectively, at the output current zero
crossing.

III. VERIFICATIONS

The proposed method has been experimentally tested on a
down-scale laboratory prototype as shown in Fig. 1. The key
circuitry and control parameters can be seen from Table I. The
experiment has three stages with different control modes. At
stage 1, all power cells are controlled independently with random
reference voltage initial phase angles. Nevertheless, in order to
make the comparison more straightforward, the carrier angles of
all power cells are controlled to be the same using the proposed
method at stage 1. At stage 2, only the inverse power factor
droop control is activated. Finally, both inverse power factor
droop control and the phase-shifting PWM control are applied
to the system at stage 3.

Fig. 6. RMS value and frequency performance of PCC voltage.

Fig. 7. Power factor performance of three power cells.

First, the rms value and frequency of PCC voltage are shown
in Fig. 6. At stage 1, it is clearly seen that the rms value is
only 90 V and the frequency is fixed 60 Hz, due to the random
reference voltage angles of three power cells. At stage 2, the PCC
voltage magnitude restores to 119 V when the inverse power
factor droop control is applied. However, there appears slight
frequency variations to 60.4 Hz at stage 2. Finally, when the
phase-shifting PWM control is also applied to the system at stage
3, the voltage magnitude and the frequency of PCC voltage are
roughly unchanged.

The power factors of three power cells are shown in Fig. 7.
Due to the impact of random reference voltage angles of three
power cells at stage 1, power factors of three power cells are
0.86, 0.74, and 0.5, respectively. At stage 2, the inverse droop
control is activated, and it is seen that the power factors of three
power cells become the same at around 0.90. Similarly, at stage
3, the power factors of three power cells keep the same value.

The detailed voltage and current waveforms at different stages
are shown in Fig. 8. First, Fig. 8(a) shows the output voltage of
cascaded power cells, PCC voltage, output current, and load cur-
rent at stage 1, where it is seen that the PCC voltage is high
distorted as the output voltage is irregular multi-level PWM
waveforms depending on the phase angle relationship between
power cell reference voltages. On the other hand, it is seen in
Fig. 8(b) that the PCC voltage is further distorted at stage 2, due
to that the output voltage becomes roughly three-level PWM
waveforms. As expected, the output voltage becomes a highly
uniform seven-level PWM waveform by applying the decen-
tralized phase-shifting control algorithm. Meanwhile, the PCC
voltage as shown in Fig. 8(c) becomes highly sinusoidal due to
the reduction of output voltage high-frequency switching har-
monic components.

Finally, the harmonic spectra of PCC voltage at three stages
are shown in Fig. 9, it is seen that at stage 1 to stage 3, the total
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Fig. 8. Output voltage, PCC voltage, output current, and load current performance at three stages. (a) Stage 1. (b) Stage 2. (c) Stage 3.

Fig. 9. Harmonic spectra of PCC voltage VPCC at three stages.

harmonic distortions of PCC are 15.02%, 20.65%, and 3.49%,
respectively.

IV. CONCLUSION

In this letter, a decentralized phase-shifting PWM approach
is developed for CHB converters. The essence of the proposed
method is to use over-sampled output current of each power cell
as an inherent synchronizer. With the help of this synchronizer,
the digital carrier phase angle at the exact time of fundamen-
tal output current zero crossing can be identified. Then, a slow
closed-loop digital carrier angle adjustment method is adopted
to achieve proper phase-shifting output PWM at the steady state.
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