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Abstract—A simple decentralized interleaving PWM approach
is proposed for parallel grid-tied converters, in order to achieve
significant reduction of switching current ripples at the point of
common couplings (PCC). First, the remote PCC voltage phase
angle information is calculated through only the local measurement
of a distribution generation (DG) unit converter and the estimation
of the corresponding feeder voltage drops. With simple interpola-
tions, the discretized PCC voltage angle information at a DG local
controller is used as a novel synchronizer to effectively identify
the carrier angle of DG units at the exact time instant of the PCC
voltage phase angle zero crossing. Then, the relative digital carrier
phase angles of parallel DG units are adaptively adjusted in a high-
resolution manner until they are properly interleaved. It has been
validated that the proposed modulation approach is effective under
adverse situations with mismatched feeder impedances, processor
crystal oscillator frequency deviations, and notable grid voltage
frequency/magnitude disturbances.

Index Terms—Adaptive carrier, interleaving pulsewidth
modulation (PWM), parallel grid-tied converters, power quality,
switching harmonic.

I. INTRODUCTION

AN INCREASING number of grid-tied pulsewidth modu-
lation (PWM) interfacing converters have been integrated

into modern power systems for many applications including
active-front end of variable frequency drive, distribution gen-
eration (DG), grid-interactive energy storage, and power con-
ditionings in [1] and [2]. With high penetration level of power
electronic converters, the control of grid-tied converter becomes
more challenging due to a few major issues such as control
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loops interaction, protection interferences, and the power quality
problems.

Among various types of grid-tied converter control objectives,
the converter current tracking performance has always attracted
extensive attention. In general, the current control approaches
can be classified into a few types according to the control band-
width and effective frequency ranges. First, the proportional and
resonant (PR) controller [3] in the stationary reference frame has
been well studied to replace the conventional PI regulator in the
rotating reference frame. To improve grid-tied converter output
current fundamental component tracking accuracy even with
low-switching frequencies, an improved PR current regulator [4]
was developed where the impulse invariance method is adopted
to replace the conventional Tustin transformation for the digital
implementation. In addition, the sampling and PWM processing
delays are further compensated using an interpolation approach
[5]. On the other hand, to reduce the intermediate frequency
range resonance of grid-tied converter output filters, various
active damping methods including virtual impedance based
approach in [6] and [7], the multiloop cascaded control approach
[8], and the model-based predictive control with inherent active
damping capability [9]–[11] have been extensively studied. For
high-frequency switching ripples of converters above closed-
loop control bandwidth, they are mainly compensated through
properly designed passive output filters instead of using any
active approaches in [12] and [13].

However, for cost-effective high power converters with rel-
atively low switching frequency but small output filter, the
switching ripples can be quite obvious [14]. When multiple high
power converters with the same control and circuitry parameters
are placed together, such as the case of a centralized solar power
or wind power station, the sum of the switching ripples flowing
into the main grid can be further aggregated in [15] and [16],
leading to serious power-quality problems.

Alternatively, if a centralized controller is adopted to synchro-
nize the digital carriers of all parallel converters, it is possible
to actively control the displacement among parallel converter
digital carriers to obtain a few favorable features. For instance,
the common mode voltage reduction or even elimination can
be realized via adaptively modulating dual converters with
opposite dynamic common mode voltage polarity in [17] and
[18]. In addition, it has been well understood that the dominated
switching ripples of parallel converter can be cancelled using
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interleaving PWM approaches in [19] and [20]. Note that the
circulating current among parallel converters may be amplified
when the carriers of converters are shifted for switching ripples
reduction in [21] and [22]. To address this problem, either
matching transformer or the separated dc voltage rails can be
considered to cutoff the path for zero sequence current flow
[23]. Furthermore, to reduce the cost of the system, coupled
inductor or common mode inductor in [24] and [25] to increase
the impedance of the zero sequence equivalent circuit has also
been considered as an alternative solution. In more recent years,
an interesting hierarchical PWM modulation architecture and a
global synchronized modulation approach were proposed in [26]
and [27]. The key idea of this modulation approach category is
that the carrier for each converter module is implemented at the
power module local processor. At the same time, local processors
are all synchronized with a main controller using either high- or
low-bandwidth communication systems. Then, both the switch-
ing ripple current and the common mode current of the system
can be reduced via using interleaving PWM approach. However,
once communication failures appear, the performance of these
interleaving modulation approaches cannot be guaranteed.

To address the limitation of centralized interleaving PWM ap-
proaches for parallel grid-tied converter switching ripple reduc-
tion, a decentralized PWM method is developed using the point
of common couplings (PCC) voltage phase angle as a robust
synchronizer. First, the PCC voltage phase angle is calculated
by obtaining the voltage drops on the feeder impedance and the
voltage phase angle at the point of connection (PoC). Then, for
each converter, the digital carrier angle at the exact time instant of
the estimated PCC voltage phase angle zero crossing is captured
through a simple linear interpolation process. Afterwards, an
online carrier shifting approach is adopted to dynamically adjust
digital carrier angles of parallel converters, without involving
any communications between their local processors. By using
this fully decentralized modulation approach for parallel con-
verters, an accurate interleaving PWM can be obtained for the
reduction of switching current ripples at PCC, even under the
case of uncertain crystal oscillator deviations at local controllers
or grid voltage variations.

II. CRITICAL REVIEW OF CONVENTIONAL APPROACHES

A. Conventional Decentralized Control

Fig. 1 shows a simplified diagram of grid-tied system with
two parallel converters. They are connected to the common
ac bus and each converter is regulated independently without
any communication. It is seen that the total harmonic distortion
(THD) of DG output current IL(a),DG1 and IL(a),DG2 are mainly
fixed to 22.5% in the entire simulation process due to nontrivial
switching ripples. However, as the crystal oscillator frequency of
two converters has−10 PPM and+10 PPM deviation, the actual
carrier frequency of the corresponding converter is 0.99999
and 1.00001 kHz, respectively. Even with slight deviations,
switching ripples of the sum of DG currents Isum(a) is slowly
time-varying. Accordingly, it is seen that the THD of the sum
of DG currents Isum(a) is only 4.96% at the beginning of
the simulation due to the opposite carrier interleaving angles

Fig. 1. Time-varying output current THD profile when power converter
processor crystal oscillator frequency deviation exists.

between two converters, while the grid current THD increases to
peak value at 22.5% when the carrier interleaving angles become
almost the same at 25 s.

B. Centralized Control

In order to overcome the crystal oscillator frequency deviation
problems in the abovementioned fully decentralized parallel
converters-based system, a well-accepted approach is to use
centralized controller for all PWM gating signals generation and
transmission, as shown in Fig. 2. The power circuit is shown in
the top half of the diagram, where three converters are connected
to the common ac bus (PCC) with their respective feeders (LF

and RF ). In addition, each interfacing converter has an output
choke (Lf and Rf ). For parallel grid-tied converter-based sys-
tem, there is usually a capacitor bank (Cg ) at PCC to further
absorb the high frequency switching harmonics from converter
bridges. In order to focus on the performance of DG current
regulation, the dc rail of each converter is directly connected to
a battery bank to stabilize dc rail voltage.

The control diagram of the system is shown in the bottom of
Fig. 2. First, the PCC voltage angle (θPCC) is extracted for grid
synchronization of parallel converters using a PLL. Then, for
each converter, the instantaneous reference current (Iref(αβ)) in
the two-axis stationary reference frame is determined according
to the corresponding real and reactive power references (P ref

and Qref ). Afterwards, a current regulator (Gcur(s)) is adopted
to ensure a rapid tracking of grid current and the output of
the current regulator is the reference voltage (V ref) for PWM
modulation processing. In order to obtain a proper switching
ripple mitigation performance, the carrier phase angles (ϕCar)
of parallel converters are interleaved.

It is necessary to note that this system has two types of angles.
The first one is the angle of PCC voltage (θPCC), which varies
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Fig. 2. Diagram of multiple grid-tied converters with a single central
controller.

Fig. 3. Illustration of PCC voltage and digital carrier phase angles.

periodically at mainly fixed 50 Hz frequency. The second one is
the angle of digital carrier (ϕCar). When the digital carrier works
in “count up and count down” mode [28], a complete process
is defined as a digital carrier cycle and the corresponding angle
ϕCar varies from −180◦ to 180◦. Their differences are further
illustrated in Fig. 3.

The synchronized gating signals, as shown in Fig. 2, need to
be sent from the central controller to each converter power circuit
via long signals wires, such as in the case of a solar power station
with distributed solar inverters. This long signal wiring config-
uration suffers from high costs, rich noises, and low reliability.
In addition to the centralized control to achieve interleaving
PWM, there are also efforts of realizing global synchronous
PWM via the assistance of low bandwidth communications
between multiple digital signal processors (DSPs) of parallel

converters. In [27], an interesting master–slave control approach
is proposed where one DSP acts as a global synchronous unit to
send synchronous pulses and shifting angles information to other
DSP chips in a periodical manner. Accordingly, satisfactory in-
terleaving PWM performance is obtained. However, this method
still needs communications between converter processors and
the THD of the grid current at the synchronous pulses generation
time period may be slightly affected.

III. PROPOSED DECENTRALIZED CONTROL APPROACH

In order to overcome the limitations of conventional cen-
tralized approaches as mentioned previously, a decentralized
interleaving PWM approach is proposed in this section.

A. System Configuration and Overall Control Architecture

The diagram of a three-converter based grid-tied system with
fully decentralized control and modulation approaches is shown
in Fig. 4. In general, the power circuit configuration is similar
to that in Fig. 2. As the centralized control and communications
are abandoned in this proposed method, only the local processor
of DG3 is shown in the left part of Fig. 4.

First, the real power reference, reactive power reference, DG
output current, PoC voltage, dc link voltage, and carrier phase
angle of this DG3 are oversampled at a relatively high rate at
fixed 20 kHz as P ref(k), Qref(k), IL(abc)(k), VPoC(abc)(k),
Vdc(k), and ϕCar(k), where k denotes the sampled value at
the kth interval. In addition, a digital PLL using second-order
generalized integrator (SOGI) is adopted to obtain the PoC
voltage phase angle as θPoC(k). The reference output current
of the DG unit is expressed as Iref(αβ)(k) and a well under-
stood PR Gcur(z) is adopted to regulate the DG output current
IL(αβ)(k) as
⎧
⎨

⎩

V ref
(αβ)(k)=Gcur(z)·(Iref(αβ)(k)− IL(αβ)(k)) + VPoC(αβ)(k)

Gcur(z) = kp_cur +
2·ki_cur ·Ts·ln(z)
ln2(z)+(Ts·ω0)

2

(1)
where V ref

(αβ)(k) is the reference voltage in the two-axis station-
ary reference frame for PWM modulation processing, kp_cur is
the proportional gain, ki_cur is the resonant controller gain, ω0

is the fundamental angular frequency, and Ts is the sampling
period of the system. In this article, as low switching frequency
converter is selected for case study, the impulse invariance
method transformation is adopted to obtain the discretized for-
mat of the current regulator Gcur(z).

In addition, the local processor of each converter consists of
a grid and carrier angle detection block and a dynamic carrier
frequency adjustment block. The grid and carrier angle detection
block is mainly responsible for calculating the angles of PCC
voltage via PoC voltage measurement and the estimation of
voltage drops on the DG feeders. Then, the digital carrier angle at
the exact time instant of PCC voltage phase angle zero crossing
is estimated using a linear interpolation approach. In addition,
this block provides carrier angle at the exact time of PCC
voltage angle zero crossing to the dynamic carrier frequency
adjustment process. The details are introduced in the following
two subsections.
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Fig. 4. Overall diagram of grid-tied converter using the proposed decentralized PWM modulation approach.

Fig. 5. Diagram of SOGI based PLL for PoC phase angle detection. (a) SOGI.
(B) SOGI-PLL.

B. PCC Voltage and Digital Carrier Phase Angles Detection

Once the PCC voltage angle information is accurately de-
tected in a real-time manner by all converter local processors,
it can be used as an inherent synchronizer or digital time based
on the system. For the proposed decentralized system with only
local measurement, the PCC voltage angle information detection
can be achieved by following two steps.

First, as mentioned earlier, the PoC voltage VPoC(abc)(k) is
sampled at fixed 20 kHz rate and a second-order generalized
integrator-based phase-locked-loop (SOGI-PLL) is adopted to
obtain the instantaneous angle information of PoC as θPoC(k).
The detailed diagram and the expression of the SOGI-PLL are
shown in Fig. 5 and (2)–(4), respectively

VPoC(α),f =
εωSOGIs

s2 + εωSOGIs+ (ωSOGI)
2VPoC(α) (2)

∗
V PoC(α),f =

ε(ωSOGI)
2

s2 + εωSOGIs+ (ωSOGI)
2VPoC(α) (3)

Fig. 6. Voltage/current phasor diagram of grid-tied converter.

{
ωSOGI = 100π − VPoC(q),f ·

(
kp_PLL + ki_PLL

s

)

θPoC = 1
s · ωSOGI

(4)

where ωSOGI is the center angular frequency of SOGI, ε is
the damping coefficient of PLL, VPoC(α),f is the fundamental

frequency component of VPoC(α),
∗
V PoC(α),f is the conjugated

component of VPoC(α),f , and VPoC(q),f (k) is the q-axis com-
ponents of VPoC,f (k). kP _PLL and ki_PLL are the coefficient
of PI controller in PLL.

Meanwhile, the difference Δθ(k) between PCC voltage and
PoC voltage phase angles are determined according to the phasor
diagram, as shown in Fig. 6, where the phasor of PoC voltage
�VPoC(k) = EPoC(k)∠0◦ is align to the horizontal direction,
�IL(k) is the DG output current, Δ�V (k) denotes the voltage
drops on the feeder of the converter, and RF , XF are the feeder
resistance and reactance, respectively.

The relationship of the phasor diagram in Fig. 6 can be further
descripted by the following equations as:

⎧
⎪⎪⎨

⎪⎪⎩

P ref(k)− j ·Qref(k) =
−→
I L(k) · −→V PoC(k)

Δ
−→
V (k) =

−→
I L(k) · (RF + jXF )−→

V PCC(k) =
−→
V PoC(k)−Δ

−→
V (k).

(5)

Note that it is assumed the power tracking is accurate at
the steady-state operation. Accordingly, the reference real and
reactive power P ref(k) and Qref(k) is adopted to replace the
actual output power in the power flow analysis.

With the equation in (5) and when the feeder impedance is
pre-determined, the angle difference Δθ(k) between PCC and
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Fig. 7. Voltage angle difference Δθ(k) versus feeder length and converter PF.

PoC voltages can be easily derived in (6) as

Δθ(k) = tan−1

[
Im(

−→
V PCC(k))

Re(
−→
V PCC(k))

]

= tan−1

[
Qref(k)RF − P ref(k)XF

E2
PoC(k)− P ref(k)RF −Qref(k)XF

]

. (6)

Then, the estimated PCC voltage phase angle θ̃PCC(k) is
given as

θ̃PCC(k) = θPoC(k) + Δθ(k). (7)

For a three-phase converter operating at 10 kVA/400 V rated
power, the variations of angle difference Δθ(k) are presented
in Fig. 7 considering the variations of different converter power
factor (PF) and feeder length (FL). It can be clearly seen that for a
system with feeder parameters as RF = 0.33Ω/km and XF =
0.342Ω/km, the angle difference can be up to −4.99◦ degree
when the converter PF is at 1.0 and feeder length is 1.0 km. This
further confirms that the feeder voltage drops must be taken into
consideration during the detection of PCC voltage angle.

It is also necessary to note that even when the system is
oversampled at a relatively high rate at 20 kHz, it is not possible
to directly get the exact time instant of PCC voltage angle zero
crossing by using only the discretized data. Alternatively, a
threshold is added and when the absolute value of θ̃PCC(k)
is fall into this range, a PCC voltage angle zero crossing flag
is set up. For this system with 20 kHz sampling frequency, the
grid voltage with 50 Hz fundamental frequency is measured
400 times in a fundamental cycle. That means the detected grid
voltage angle difference (ΔθPCC) between adjacent sampling
points is around

ΔθPCC =
360◦

fsampling/f0
= 0.9◦ (8)

where fsampling is the sampling frequency, f0 is the funda-
mental grid frequency. Then, the upper and lower threshold
difference can be set to be equal to the angle difference as
[−0.45◦, 0.45◦] during the system steady-state operation. This

Fig. 8. PCC voltage phase angle zero crossing detection and relative carrier
phase angle detection. (a) PCC voltage zero crossing trigger. (b) Carrier phase
angle estimation.

means the detected discrete grid voltage phase angle can always
fall into this range once in every fundamental cycle, to trigger
the carrier angle and PCC voltage angle detection. However,
considering that the detected grid voltage phase angle may have
some jittering or nonlinearity due to the presence of grid voltage
disturbances or the sudden change of DG output power, we have
set a wider threshold as [−0.90◦, 0.90◦].

It is known that a digital triangle carrier is represented by the
carrier phase angle (ϕCar). When the PCC voltage angle zero
crossing triggers the digital carrier phase angle acquiring, ϕCar

at the beginning of the sampled period (k = kZC) is captured
as ϕCar(kZC). However, as these values are sampled in a fixed
rate at 20 kHz and PCC voltage angle zero crossing trigger is
enabled by tolerant band at 0.9 degree, theϕCar at the exact time
instant of PCC voltage angle zero crossing cannot be directly
obtained. Further considering that the PCC voltage angle–time
relationship has good linear property at around zero crossing
regions as shown in Fig. 8(b), it is feasible to use a simple linear
interpolation to estimate the ϕCar at the exact time instant of
PCC voltage angle zero crossing as ϕ̃θ̃PCC=0

ϕ̃θ̃PCC=0

= ϕCar(kZC)− ϕCar(kZC)− ϕCar(kZC − 1)

θ̃PCC(kZC)− θ̃PCC(kZC − 1)
θ̃PCC(kZC)

ϕ̃θ̃PCC=0

=

⎧
⎨

⎩

ϕ̃θ̃PCC=0

(
ϕ̃θ̃PCC=0 ∈ [−π, π]

)

ϕ̃θ̃PCC=0 − sgn(ϕ̃θ̃PCC=0) · 2π
(
ϕ̃θ̃PCC=0 /∈ [−π, π]

)

(9)

where sgn is sign function. The output of sgn is 1 when the input
is positive number, otherwise it is −1.
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Fig. 9. Illustration of the dynamic carrier adjustment process. (a) Carrier angle
difference calculation. (b) Carrier frequency adjustment. (c) Dynamic carrier
adjustment.

C. Adaptive Carrier Adjustment

When the instantaneous angle of digital carrier at the time
instant of PCC voltage phase angle zero crossing is estimated, it
can be dynamically adjusted until the parallel-converter system
achieves proper interleaving PWM regulation. For a system with
N parallel connected DG units, the serial number (SN) of DG unit
is usually predetermined before the grid integration operation.
Then, the reference carrier angle of a DG unit with series number
k(ϕref

Car,DGk) is simply determined as

ϕref
Car,DGk =

360◦ · (k − 1)

N
. (10)

The detailed demonstration of the proposed carrier angle shift-
ing algorithm is shown in Fig. 9. First, the difference between
reference carrier angle ϕref

Car and the actual carrier angle at the
time instant of PCC voltage angle zero crossing ϕ̃θ̃PCC=0 is
defined as

ΔϕCar = ϕ̃θ̃PCC=0 − ϕref
Car. (11)

To avoid the switching action jittering during the steady-state
operating of the system, this angle difference passes through a
dead-band as

{
Δϕ′

Car = 0 (ΔϕCar ∈ [−τ, τ ])

Δϕ′
Car = ΔϕCar (ΔϕCar /∈ [−τ, τ ])

(12)

where τ is the threshold. Then, a simple proportional regulator
is adopted to dynamically adjust the switching frequency of the
DG unit in the next fundamental cycle as

fadj
SW = f ∗

SW − kϕCar
·Δϕ′

Car (13)

where kϕCar
is the proportional gain of the carrier frequency

regulator, f ∗
SW is the nominal switching frequency, and fadj

SW

is the adaptive reference carrier frequency. Similarly, to avoid

Fig. 10. Performance of extracted PCC voltage phase angle zero crossing
detection. (a) Low sampling frequency. (b) High sampling frequency.

the dramatic change of the converter switching frequency, a
saturator as [f ∗

SW −Δfmax
SW , f ∗

SW +Δfmax
SW ] is placed at the

output of the regulator in Fig. 9. With the abovementioned
dynamic switching frequency adjustment approach, the relative
phase angles of parallel DG units’ carriers can be slowly tuned
until they are properly interleaved.

D. Impact of Grid Disturbance and Feeder
Impedance Uncertainty

From the previous discussion, it can be seen that the accuracy
of PCC voltage phase angle zero crossing detection is affected
by a few factors, such as measurement noises, analog to digital
converter accuracy, feeder impedance estimation. Among them,
the disturbances from the main grid and the uncertainty of feeder
impedance usually have the most influential impacts. In the
following of this subsection, these two factors are analyzed.

First, the accuracy of carrier angle estimation is less affected
by low sampling frequency during the system steady-state oper-
ation, as both the digital carrier phase angle and estimated PCC
voltage phase angle change linearly versus time. However, when
the grid voltage has transient disturbances, using a relatively
high sampling frequency could definitely help to improve the
accuracy of the PCC voltage phase angle detection.
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TABLE I
PARAMETERS OF THE EXPERIMENTAL SYSTEM

To validate the above discussion, the diagram of digital carrier
angle detection with different sampling frequencies is shown in
Fig. 10, where the PCC voltage phase angle is a nonlinear curve
due to disturbances. The proposed method utilizes the estimated
PCC voltage phase angle [θ̃PCC(kZC − 1) and θ̃PCC(kZC)]
and the measured carrier angle (ϕCar(kZC − 1) andϕCar(kZC))
at kZC − 1th and kZCth sampling points to estimate carrier
angle (ϕ̃θ̃PCC=0) at the exact time of PCC voltage phase angle

zero crossing (θ̃PCC = 0). It can be clearly seen from Fig. 10(b)
that the error of carrier angle estimation (ΔϕCar_error) becomes
smaller with higher sampling frequency. Considering the pri-
mary application of the proposed approach is parallel grid-tied
high power converters, where relatively low switching frequency
but high sampling frequency is already available. In this case, it
can be concluded that the performance of the system can be less
affected by the grid disturbances.

On the other hand, the accuracy of feeder voltage drop calcu-
lation is more relevant to the detection of feeder impedance.
This can be realized through offline approach by using the
information from the variation of PQ flow in [29] and [30],
the online method using the noncharacteristic harmonic ripple
injection [31 and 32], and the hybrid approach [33]. As indicated
in the previous study [29]–[33], the error of feeder impedance
estimation is typically less than 10%.

For a DG unit with the parameters as shown in Table I; and
with 10% and 20% feeder impedance detection errors, the differ-
ence between the estimated PCC voltage phase angle θ̃PCC and

Fig. 11. PCC angle and carrier angle difference under the case of different
converter output power.

the real PCC voltage phase angle θPCC are shown in Fig. 11(a),
the difference between the carrier phase angle ϕ̃θ̃PCC=0 and
the reference carrier angle ϕref

Car is shown in Fig. 11(b). It can be
easily seen that the error of phase angle increases when the DG
unit is delivering more real power to the grid. Specifically, for
the DG with 10% feeder impedance error, the error of estimated
PCC voltage phase angle is no more than 0.04◦ even when the
DG unit works at rated output real power condition.

IV. VERIFICATION RESULTS

Experimental results are obtained from a scale-down labo-
ratory test-rig with three DGs at the same rated power. The
configuration of the system can be seen from Fig. 12. In
this test-rig, the three-phase main grid is emulated by a pro-
grammable source. Each three-phase converter is controlled by
a DSP+FPGA-based processor, where a DSP TMS320F28335
from Texas Instruments are adopted to carry out the closed-loop
control algorithm and an FPGA EP4CE10E22A7 from Altera
is mainly responsible for generating the adaptive carrier and the
gating signals. In order to demonstrate the practical situation
of high power converters, three converters are controlled with
low nominal switching frequency fSW at 1 kHz but moderate
sampling frequency fsampling at 20 kHz is adopted. In addition,
the internal control variables are displayed by using a high-speed
digital to analog converter (DAC) AD5348BRU at 20 kHz
refreshing rate. The detailed key circuitry and control parameters
are shown in Table I.

First, the dynamic performance of the system from identical
digital carriers to interleaved carriers is shown in Fig. 13, where
the sum of the DG currents (Isum(a)) and the PCC voltage
(VPCC(a)) are shown in Fig. 13(a) and (b), respectively. It is seen
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Fig. 12. Illustration of the experimental system and the role of controller.

from Fig. 13(a) that Isum(a) has significant switching ripples
when DG carriers are controlled to be identical but it becomes
highly smooth and sinusoidal when the proposed interleaving
PWM approach is applied to the parallel DG units. Meanwhile,
as the switching ripple current at PCC is mitigated using the
proposed decentralized interleaving PWM approach, it is seen
from Fig. 13(b) that PCC voltage ripples are also suppressed in
the end of the process.

In order to obtain a better understanding of the proposed
approach, the harmonic spectra of Isum(a) are shown in Fig. 14,
where it is noticed that Isum(a) has 13.2% THD and the domi-
nated harmonic components are mainly at 19th and 21st order
harmonic frequencies when using the modulation approach with
identical carriers. As expected, the THD of Isum(a) significantly
reduces to only 3.9% by using the proposed interleaving PWM
approach.

It is necessary to note that demonstrating digital carriers at
very high refreshing rate in a real time manner is difficult.
Alternatively, the carrier angles ϕ̃θ̃PCC=0 of DG units at the
time instant of each PCC voltage phase angle zero crossing
are captured, as shown in Fig. 15. The demonstrated signals

Fig. 13. Dynamic performance of DG output currents and PCC voltage from
identical and interleaving carrier operation. (a) Dynamic performance of the
sum of DG currents. (b) Dynamic performance of PCC voltage.

Fig. 14. Comparative Isum(a) harmonic spectra. (a) Identical carrier control.
(b) Interleaved carrier control.

in Fig. 15 are produced by the DACs with 20 kHz refreshing
rate. From this figure, it is clearly seen that the carrier angles are
almost identical at the beginning of the experiment. When the
interleaving PWM control is activated, the carrier angles rapidly
drift away and they become proper interleaved in around two
fundamental cycles after the starting of the proposed modulation.

The detailed performances of three DG units in different
modulation modes are shown in Figs. 16 and 17. First, Fig. 16
shows the performance of the system when the identical carriers
are adopted for all DG units. It is seen from Fig. 16(a) that both
the PCC voltage and PoC voltages of DG units have significant
switching ripples. In addition, the output currents (IL(a)) of DG
units and the sum of the output currents (Isum(a)) are shown in
Fig. 16(b), where it is seen that all DG units have rich switching
ripple components with similar phase angle, and accordingly, the
sum of the DG output currents is also highly distorted. Finally,
the output voltages of three DG units are presented in Fig. 16(c).
As seen, the central locations of DG unit voltage pulses are
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Fig. 15. Dynamic performance of carrier angle ϕ̃θ̃PCC=0.

Fig. 16. Performance of the system with identical carriers. (a) Voltage perfor-
mance. (b) Current performance. (c) Output voltage performance.

Fig. 17. Performance of the system with interleaved carriers. (a) Voltage
performance. (b) Current performance. (c) Output voltage performance.

almost the same, indicating an identical carrier for all DG units
in this operation condition.

Similarly, the comparative performance of the system using
the proposed interleaving PWM control is obtained in Fig. 17.
In this case, due to the cancellation of dominated DG output
current switching ripples at PCC, it is seen from Fig. 17(a)
and (b) that the PCC voltage, PoC voltages of three DG units,
and the sum of the DG output currents Isum(a) all become highly
smooth and sinusoidal. Nevertheless, the ripples of the DG unit
output currents (IL(a),DG1, IL(a),DG2, and IL(a),DG3), as shown
in Fig. 17(b) are similar to the counterparts in Fig. 16(b). This
further demonstrates that the interleaving PWM control mainly
reduces the sum of the output current ripples at PCC, while the
output current of each DG is roughly unchanged. Finally, it can
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Fig. 18. Performance of the system with grid voltage frequency jump from
49.5 to 50.5 Hz and 30◦ phase jump. (a) Current performance under disturbance.
(b) Calculated PCC voltage phase angle from three DGs. (c) Relative carrier
phase angle relationships.

be further noticed from Fig. 17(c) that the central locations of
DG unit voltage pulses have notable displacement, due to the
implementation of the proposed interleaving PWM approach.

The performance of the system during grid voltage distur-
bances is also investigated. In this test, the grid voltage fre-
quency has a sudden jump from 49.to 50.5 Hz. In addition, the
grid voltage phase angle has 30◦ jump in order to emulate an
adverse situation. First, the response of the sum of the output
currents (Isum(a)) and DG unit output currents (IL(a)) are shown
in Fig. 18(a), where it is seen that all currents have minor
disturbance at the beginning of the grid voltage disturbance.
Accordingly, the THD of Isum(a) increases from 3.9% (before
the grid disturbance) to 4.5% (for one cycle after the distur-
bance).

During this grid voltage disturbance, the estimated PCC
voltage phase angles from three DG units are all presented in
Fig. 18(b). Note that 10% feeder impedance estimation errors
are considered for the calculation of PCC voltage phase angle.
It is clearly seen that the three DG units have similar estimated
PCC voltage phase angles in the entire process. This means the

Fig. 19. Performance of the system with 5 kHz switching frequency and
fixed 20 kHz sampling frequency. (a) Current performance under disturbance.
(b) Calculated PCC voltage phase angle from three DGs. (c) Relative carrier
phase angle relationships.

grid voltage disturbances only have minor impact of the phase
angle estimation.

In addition, the carrier angles ϕ̃θ̃PCC=0 at each estimated
PCC voltage phase angle zero crossing are obtained as shown in
Fig. 18(c), where it is seen that the carrier angle differences are
fixed to around 120◦ at the steady-state but it has minor fluctua-
tions to around 115◦ and 109◦, respectively, at the beginning of
the transient.

The primary application of the proposed approach is the
high power parallel grid-tied converters with relatively low
switching frequency. However, it is necessary to note that the
proposed approach can be applied to medium power rating con-
verters with higher switching frequency in a similar manner. To
validate this, another test with 5 kHz switching frequency but
fixed 20 kHz sampling frequency is carried out as shown from
Fig. 19(a)–(c). In this test, the grid also has a disturbance and
it is also seen that the sum of the output currents changes from
2.9% THD at the steady-state to 5.4% THD during the transient.
Similarly, it is seen that the estimated PCC voltage phase angle



HE et al.: PARALLEL-CONVERTER SYSTEM GRID CURRENT SWITCHING RIPPLES REDUCTION 8591

Fig. 20. Long time-scale grid current THD performance. (a) Fluctuating THD.
(b) THD = 3.9% (c) THD = 5.6%.

and the carrier angle displacement feature notices disturbances
during the transient. From the above comparative discussion in
Figs. 18 and 19, it can be simply concluded that relatively high
sampling/switching ratio is preferred for the implementation
of the proposed method. However, the approach has certain
tolerance to grid voltage disturbance even with relatively low
sampling/switching ratio at five.

Finally, the long time scale performances of the system using
different modulation approaches are compared in Fig. 20. In
this test, the grid voltage frequency is fixed to 49.5 Hz at the
beginning but it increases to 50.5 Hz and with additional 30◦

phase jump at 50 s, as shown in the top of the Fig. 20. It is
clearly seen that THD profile using independent regulation of
each converter has a slow fluctuation of THD ranging from 3.9%
to 13.2%. This is mainly caused by unknown crystal oscillator
frequency deviation at each converter local processor. On the
other hand, when the proposed method is adopted but the PoC
voltage is assumed to be the same as the PCC voltage, it is
seen that the THD profile is mainly fixed to 5.6%. Finally,
when the feeder voltage drops are considered in the detection
of PCC voltage phase angle zero crossing, the THD of the sum
of the DG currents further reduces to only 3.9% by using the
proposed modulation approach. It is interesting to find that the
sudden changes of grid voltage frequency and phase angle have
no obvious impact to the long time-scale THD performance,
regardless of the modulation approach being adopted.

V. CONCLUSION

A decentralized modulation approach is developed to realize
the switching ripple current mitigation of parallel high power
grid-tied DG units. The PCC voltage phase angle is estimated
via an oversampled DG unit PoC voltage and proper estimation
of feeder voltage drops. Then, PCC voltage phase angle is
utilized as an inherent synchronizer to identify the digital carrier
angle information of each DG unit. Afterwards, a simple carrier
angle adjustment approach is adopted to dynamically change
each converter carrier frequency until proper interleaved carriers
are achieved. By using this proposed method, an interleaving
PWM modulation of parallel grid-tied converters can be easily
achieved without any additional hardware costs or communica-
tions.

Comprehensive analysis and experiments have been carried
out to validate the sensitivity of the proposed approach to various

Fig. 21. Diagram of digital carrier and carrier angle.

factors including grid voltage disturbance, feeder impedance
estimation errors, and the variable sampling/switching ratios.
It is suggested that the proposed approach is more suitable for
parallel-connected high power converters where the scenario
of low switching frequency and oversampling of voltage and
current is already available.

APPENDIX

In this article, the digital carrier is represented by the carrier
angle ϕCar. For a repetitive “up-and-down” digital carrier, as
shown in Fig. 21, it represented by a few registers [28]: 1)
TBPRD is the period register. For a 75 MHz digital counter,
TBPRD is determined as TBPRD = (75 MHz/2 · fsw); 2)
CTR is the carrier register at the present time instant and it is
always in between 0 to TBPRD; 3) CTR_dir is the carrier di-
rection register. When the digital counter is up mode, CTR_dir
is 1. Otherwise, CTR_dir is −1.

Then, the carrier angle and the digital carrier registers rela-
tionship can be easily given as:

ϕCar = 180◦ ·
(
CTR · CTR_dir

TBPRD
− 1

)

(A1)

⎧
⎪⎨

⎪⎩

CTR_dir = −sgn(ϕCar)

TBPRD =fclock/ (2 · fSW )

CTR = TBPRD · (1− sgn(ϕCar) · ϕCar

180◦
)
.

(A2)
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