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Abstract—In this article, an extension of the hybrid-
frequency parallel inverter system (HbFPIS) belonging to wide-
bandgap/silicon (WBG/Si) hybrid family is discussed. HbFPIS
contains two inverters connected in parallel, each having a spe-
cific function. The low-frequency high-power inverter’s primary
function is to achieve high power output with low-frequency mod-
ulation. The high-frequency low-power inverter, having a high dy-
namic response, is used to improve output current quality by ripple
attenuation. In this article, three-phase three-wire (3P3W) HbFPIS
topology is designed and implemented. The ripple compensation in
3P3W HbFPIS topology involves ripple models presented in this
article. A wireless carrier synchronization algorithm based on rip-
ple modeling is implemented, resulting in autonomy and increased
reliability of the parallel modules. Simulated and experimental
results from 20-kVA grid-connected 3P3W HbFPIS have confirmed
the analysis and discussion.

Index Terms—Control synchronization, direct digital control,
division–summation (D–Σ) process, grid connection, hybrid-
frequency parallel converters, three-phase three-wire (3P3W)
inverters.

I. INTRODUCTION

THREE-PHASE three-wire (3P3W) converters are com-
monly used in dc microgrids, electrical traction systems,

flywheel energy dispatching applications, etc. Passive filters are
used to improve the output currents of such converters, suppress-
ing grid and pulse width modulation (PWM)-induced harmonics
[1]. Single inverter systems are simple but rigid in optimization
and are a less reliable solution. Modular parallel inverter systems
allow for flexible optimization of cost/functionality with added
reliability [2]. Parallel inverters are known to have circulation
problems investigated in [3]. However, hybrid-frequency paral-
lel inverter systems (HbFPIS) employ circulation to attenuate
PWM-induced harmonics and improve output current qual-
ity. HbFPIS belongs to wide-bandgap/silicon (WBG/Si) hybrid
family [4], [5], [6]. Such a structure allows for flexibility of
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Fig. 1. 3P3W HbFPIS with separate DC voltage supplies.

cost/functionality tradeoffs. The optimization techniques for
such hybrid systems were presented in [4], [7], and [8]. The
attempt to apply HbFPIS in 3P3W with a common dc bus was
discussed in [9]. The so-called virtual “fourth wire” effect leads
to identical to the 3P4W HbFPIS design and ripple attenuation
algorithms. To widen the WBG/Si hybrid family, 3P3W HbFPIS
with separate dc sources as in Fig. 1 is implemented in this
article. Due to the circulation path through a common source
disconnected, both modules are topologically 3P3W. This needs
the implementation of a different ripple model for ripple atten-
uation. Design differences between the proposed and existing
topologies will be discussed. The inductor current ripple mod-
eling for 3P3W topology was presented in [10] and [11]. These
models are used for dc link ripple prediction [12], in variable
frequency control [13]. In this article, the 3P3W ripple model is
utilized for ripple attenuation and wireless synchronization.

If module controllers are implemented on independent mi-
crocontrollers [6], program sequences would require carrier
synchronization to achieve ripple attenuation. Wired commu-
nication in primary/secondary architecture would compromise
the reliability of a parallel system. To avoid the loss of relia-
bility, a wireless synchronization technique should be applied.
One way to wirelessly synchronize parallel inverters is to use
virtual oscillator control [14], [15]. Although this approach is
applicable for inverters operating at the same frequency, it is
not applicable for carrier-level synchronization. Carrier synchro-
nization was investigated in [16], but this work still requires pri-
mary/secondary architecture. Wireless communication methods
[17], [18] require the usage of radio transmission modules and
still require primary/secondary architecture. Proposed wireless
synchronization uses modeled and measured ripple compari-
son. An additional Hall sensor in a high-frequency low-power
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inverter (HFLPI) is connected to measure the inductance current
in the low-frequency high-power inverter (LFHPI) module.

Cross-correlation or convolution is widely used in a variety of
fields, such as image processing and pattern matching [19], [20].
Convolutional neural networks are used in many image clas-
sification algorithms [21]. Considering the limitations, pattern
matching-based synchronization will utilize simple convolution
as a metric of similarity.

To introduce the design of a novel 3P3W HbFPIS with
wireless synchronization, the article is structured as follows.
In Section II, the inverter-side inductor current ripple models
are compiled. These models are used for online simulation and
ripple attenuation in HbFPIS. The connection between 3 W
and 4 W models is briefly discussed. In Section III, a wireless
synchronization algorithm based on online ripple simulation is
proposed. In Section IV, the direct digital control of LFHPI
and HFLPI for 3P3W topology is presented. The feasibility of
ripple attenuation in 3P3W HbFPIS topology is discussed. In
Section V, an indirect comparison of ripple attenuation ratios
for 4 W and 3 W is performed. Based on these comparisons,
design considerations are made. In Section VI, the current
tracking capability and overall stability of the 3P3W HbFPIS
are analyzed. Section VII includes simulated and experimental
results of 20-kVA 3P3W HbFPIS and the results of the study are
concluded in Section VIII.

II. INVERTER-SIDE INDUCTANCE CURRENT RIPPLE MODELS

To attenuate the current ripple generated by LFHPI, the con-
troller of HFLPI conducts an online simulation according to the
model of ripple and forms the reference irpk[n+ 1] based on
this simulation.

A. 3P3W Inverter-Side Inductor Current Ripple Model

In the 3P3W ripple model, the voltage vector Vi is defined as a
binary number with three fixed positionsVi = [swR, swS , swT ]
where s wk = 0 meaning that the upper switch of phase k is the
nonconducting and the lower switch of phase k is conducting
and s wk = 1 is the opposite.

3P3W inductor current ripple model for the next switching
cycle n+1 can be represented in the time domain as

iik.3W (t)

=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

αV7k [n+ 1] · (t− t0) , t0 ≤ t ≤ t1
iik3W (t1) + αVxk [n+ 1] · (t− t1) , t1<t ≤ t2
iik3W (t2) + αVyk [n+ 1] · (t− t2) , t2<t ≤ t3
iik3W (t3) + αV0k [n+ 1] · (t− t3) , t3<t ≤ TL

2

−iik.3W (TsL − t) , TsL

2 < t ≤ TsL

x, y = {1, 2, . . . , 6} , x �= y. (1)

where t0 = 0 and the time moments t1, t2, and t3 are sorted from
earlier to latest from the group {tR, tS , tT },.which is calculated
as

tk =
TsL (1−D∗kL [n+ 1])

2
, k = {R,S, T} . (2)

TABLE I
VOLTAGE VECTORS AND MOMENTS OF SWITCHING BETWEEN THEM VERSUS

SORTED ESTIMATED DUTIES

TABLE II
DC VOLTAGE TERMS VERSUS VOLTAGE VECTOR

Sorting the estimated duties D∗kL yields the active voltage
vectors utilized for the switching cycle as shown in Table I.

The voltage applied to the inverter-side inductor for each
phase can be found by forming Thévenin equivalent circuits
[9]. The inductor current slopes can be calculated as follows:

αVik [n+ 1] =
XVikV

∗
DC [n] /3− v∗kcn [n]
LikL [n]

− Δi∗ikL [n+ 1]

TsL

Vi = {V0, V1, . . . , V7} . (3)

The dc voltage applied during each voltage vector for each
phase can be calculated by substituting the dc voltage terms
XV k into (3). DC voltage terms XV k derived for each phase
using Thévenin equivalent circuits are tabulated in Table II.

For example, to calculate R-phase ripple iiR.3W(t), if the
relation between calculated duties is D∗RL ≤D∗SL ≤D∗TL,
according to Table I, the two active vectors are VxR = V3R

and VyR = V1R . Now to calculate the R-phase ripple, the
slopes αV7R, αV3R, αV1R, andαV0R are calculated using (3)
with the parameters obtained in Table II. XV7R = 0, XV3R =
−2, XV1R = −1, andXV0R = 0, and then substituted to (1).

B. 3P4W Inverter Side Inductance Current Ripple Model

3P4W inverter time-domain ripple model with only two volt-
age vectors is shown as follows:



14932 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 12, DECEMBER 2023

iik.4W (t)

=

⎧⎨
⎩

αm.k [n+ 1] · (t− t0) , t0 ≤ t ≤ tk
iik4W (tk) + αd.k [n+ 1] (t− tk) , tk<t ≤ TsL

2

−iik4W (TsL − t) , TsL

2 < t ≤ TsL

.

(4)

where t0 = 0 and the moment of switching between magneti-
zation and demagnetization tk is calculated as

tk =
TsL (1−D∗kL [n+ 1])

2
(5)

where duty D∗kL[n+ 1] is the estimation of LFHPI duty ratio
performed by HFLPI controller.

Magnetization αm.k and demagnetization αd.k slopes are
calculated as

αm.k [n+ 1] =
V ∗DC [n]− v∗kcn [n]

L∗ikL [n]
− Δi∗ikL [n+ 1]

TsL

αd.k [n+ 1] =
−V ∗DC [n]− v∗kcn [n]

L∗ikL [n]
− Δi∗ikL [n+ 1]

TsL
. (6)

where the terms: V ∗DC[n], v∗kcn[n], L
∗
ikH [n], and Δi∗ikL[n+ 1]

are all estimations of what is being sampled or calculated by
the LFHPI controller. These estimations are obtained by the
HFLPI controller either by synchronized sampling with LFHPI
or predetermined. Sending sample data from one controller to
the other would require fast and reliable connectivity. This is
costly; thus, synchronized sampling is adopted.

General ripple models are defined for t ∈ [0, TsL]. Using
these models, the control system can calculate reference current
for ripple attenuation. A sequence of λ equidistantly placed (in
time) reference points is calculated. λ is called the frequency
ratio in this work and is defined as

λ =
fswH

fswL
. (7)

C. Connection Between 3P3W and 3P4W Ripple Models

Models of 3P3W and 3P4W ripples are interconnected. Elim-
ination of the zero-sequence current from the 3P4W ripple
allows us to calculate the 3P3W ripple. This connection can
be expressed as follows:

i∗ik3W (t) = iik4W (t)−
∑

k iik4W (t)

3
. (8)

Using this connection between models, the designer has an
alternative way to calculate the 3P3W ripple.

D. Conditions for the HbFPIS to Achieve the Ripple
Compensation

Unless the controllers are implemented on a single microcon-
troller, the control system requires synchronization of the PWM
carriers. Synchronized carriers allow for coordination of the rip-
ple attenuating reference sequences. If the next dutyDkL[n+ 1]
of LFHPI is unknown to HFLPI and is not communicated, then
it has to be estimated. To form precise ripple attenuation, the
following command set of conditions has to be met.

1) Inductor valueLikL[n], switching periodTsL, and the next
current reference point IrefkL[n+ 1] have to be known to
the HFLPI controller.

2) Samples of the capacitor voltage vkcn[n], inductor current
iikL[n], and dc-side voltage VDC[n] that are being sampled
and used by LFHPI controller have to be estimated.

3) The modulation technique of LFHPI has to be known to
HFLPI, so the ripple model matches reality.

The first condition can be met by knowing the parameters
beforehand or setting them with the user interface. The second
condition can be met by either sending the samples over a com-
munication channel or synchronized sampling and computing
of parameters.

The third condition is not discussed in this article, as the
modulation technique is predetermined by the control law. In the
next section, the method of synchronization without a dedicated
communication channel will be discussed.

III. AUTOMATIC SYNCHRONIZATION BASED ON RIPPLE

SIMULATION

Using current control, HFLPI forms the sequence of com-
mands that delivers energy to the grid and compensates the
LFHPI ripples. The coordination of operations linked to the
controller carriers for synchronized and unsynchronized cases
is shown in Fig. 2.

Carrier time discrepancies between controllers would appear
due to factors like oscillator temperature shifts, crystal purity,
etc. Even a small imperfection of the oscillator would affect
the switching frequency ratio. Left unsynchronized over a long
time would lead to sliding carriers, unsynchronized sampling,
and ripple attenuation command misplaced.

One way to solve the synchronization issue is by using the
wired synchronization. In the wired scheme, the LFHPI con-
troller acts as a primary updating the carrier of the secondary
HFLPI controller at every carrier crest. This way of synchro-
nization, however, has several problems.

1) Parasitic parameters result in a propagation delay. The
system would require manual adjustment.

2) The galvanic connection between two converters operat-
ing at hybrid frequencies may generate unwanted electro-
magnetic interference problems.

3) Primary–secondary architecture has preprogrammed roles
in the modules. This reduces the reliability of modules.

Automatic synchronization of inverters without a dedicated
wired channel would solve these problems. Moreover, modules
would become more autonomous and reliable. The wireless
synchronization technique will be discussed in the following
subsection.

A. Time-Domain Cross-Correlation Ripple Matching-Based
Synchronization Method

In the wired synchronization scheme, each switching cycle of
the LFHPI carriers is synchronized. Primary controller LFHPI
sends a synchronization pulse at every crest of the carrier. This,
in turn, modifies the state of the secondary HFLPI controller.
Synchronizing pulse resets and restarts the carriers of the HFLPI
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Fig. 2. Synchronization of the carriers of HFLPI and LFHPI.

controller and resets the ripple attenuation command sequence.
In the proposed synchronization algorithm, the restart of the
carrier and ripple command sequence is performed by the HFLPI
controller itself. For this, the HFLPI controller estimates the du-
ration of the LFHPI switching cycle by the period-measurement
counter (PMC). HFLPI controller predetermines the switching
period of LFHPI expressed in the oscillations of crystal TsHX

and the frequency ratio λ. PMC then counts from 0 up to
λ · TsHX to estimate the period of LFHPI. To adjust the reset
moment, synchronization reference Sref is introduced. PMC and
Sref are shown in Fig. 2. Each of the λ switching periods are enu-
merated in the microprogram. Switching period number counter
is increased at every crest of HFLPI carrier. Match between Sref

and PMC defines the moment when HFLPI carrier and period
number are reset. Finding the correct reference Sref[n+ 1] that
would align the carriers is the task of the synchronization algo-
rithm.

To perform this calculation, samples of the LFHPI ripple are
stored and compared to the modeled ripple. Each of the models
(1), (4), or (8) allows for calculating ripple with any given phase
shift θ.

The phase shift θ is the initial timestamp recalculated in
radians. Starting from initial timestamp λ + 1 of evenly dis-
tributed timestamps are calculated with the remainder function
as follows:

tθ (k) =

(
θ

2π
TsL + k · TsH

)
mod TsL

k = {0, 1, . . . , λ} , −π < θ ≤ π. (9)

The remainder function wraps the timestamps around when
t > TsL or t < 0. A set of timestamps (9) is used in (1), (4), or (8)
to calculate discrete ripple at any shift. The resulting permutated
ripple is stored as iik.tθ . The LFHPI ripple current is sampled at
every crest of HFLPI controller carrier and stored in the buffer
ibuf.

The metric of similarity or cross-correlation between
measured ripple ibuf and modeled ripple iik.tθ can be

calculated as:

h (θ) =

λ+1∑
n

ibuf [n] · iik.tθ [n] (10)

where h(θ) is the cross-correlation result depending on initial
phase shift θ of the modeled ripple iik.tθ . Finding the phase
shift θ that results in maximum similarity between model and
measured ripple reveals the relative position of carriers.

LFHPI’s ripple iikL[n] is sampled and saved in a circular
buffer ibuf of fixed size λ + 1. Stacking each sample of the
inductor current forms a snapshot of the most recently mea-
sured inductor current ripple in the controller memory. Current
samples iikL[n] are saved either containing fundamental current
or horizontal projection is calculated. Both ways are shown as

ibuf ← iikL [n] ,

or ibuf ←
(
iikL [n]− IrefkL [n+ 1]− iikL [n]

λ

)
. (11)

Reading the buffer ibuf and synchronized sampling can be
performed at any enumerated HFLPI crest, however, we will
rigidly arrange these functions to the fixed crests.

For example, in the case shown in Fig. 2, the crest №1 is
bearing the function of synchronized sampling. In other words,
measurements made at the crest №1 are always used for the
estimation of the duty. In the unsynchronized case, discrepancy
between LFPHI sampling moment and HFLPI crest №1 is
presented as “discrepancy of sampling.” This discrepancy leads
to a worse estimation of LFHPI duty cycle. Moreover, the ripple
attenuation sequence is misplaced which leads to worse ripple
attenuation. The only appropriately placed ripple attenuation
sequence in Fig. 2 according to the set “ripple[n+2]” appears
after carrier reset. The carrier reset related to Sref[n + 1] moves
the HFLPI’s crest №1 and matches it with LFHPI sampling. In
this design, the frame of buffered data contains the samples that
were taken at {λ/2 + 1, …, λ, 1, …, λ/2 + 1} crests. For any
even number λ>2, the first crest sample is placed in the middle of
the buffer. Practically, with fixed size buffer, choosing the frame
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{λ/2+1, …, λ, 1, …, λ/2+1} means that the buffer reading is
performed at the crest№ λ/2+1 (or crest№5 in Fig. 2.).

To find the correct shift reference Sref[n + 1], the search
algorithm has to be applied. Reaching the supremum of the
metric (10), sup

θ =(−π,π]
h(θ) means that the samples in the buffer

compared to the ripple model with the initial phase θ are
matching. The search algorithm goal is to move the positions
of crests in HFLPI by changing Sref until the supremum of (10)
is achieved for buffered ripple samples and ripple model at the
desired phase θref. In the example shown in Fig. 2 with crest
№1 chosen as synchronized sampling and crest №5 for buffer
reading, the desired model phase should be θref = 0. This is
because, at each LFHPI duty update, a new ripple is formed;
thus, in the synchronized case, the buffer will contain the features
of nonshifted ripple.

A primitive algorithm would be a brute force approach given
as follows:

1) model ripple for a wide variety of shifts θ;
2) use metric (10) against measured samples;
3) find the θm that yields the maximum of the metric;
4) find error Δθ = θm − θref;
5) correct Sref[n+ 1] based on Δθ.
Computationally, this is very expensive as it requires many

instances of ripple modeling. Binary search and otherO(log(n))
algorithms can be used. But, the problem with these algorithms
is that they still require calculating many instances of the ripple
model calculation.

In a stable system, short misalignment of carriers does not
bear catastrophic consequences and only reduces output current
quality. So, the carriers can be synchronized gradually.

The algorithm of gradual synchronization
1) locally check whether the sampled ripple ibuf is matching

the desired ripple model at θref or one of two permutations
generated by a slight shift right θref + δθ and left θref − δθ
as ⎧⎨

⎩
hl = h (θref −Δθ)
hm = h (θref)
hr = h (θref +Δθ) .

(12)

2) Based on the relation between three cross-correlation re-
sults, the decision to the next reference phase shift is made
as

Sref [n+ 1] =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Sref [n]− δS, hl > hm ≥ hr

Sref [n]− δS, hl > hr ≥ hm

Sref [n] + δS, hr > hm ≥ hl

Sref [n] + δS, hr > hl ≥ hm

Sref [n] , hm > hl, hr

(13)

where δS is the synchronization phase shift reference
adjustment that can be chosen from the range

0 < δS ≤ δθ

2π
λTsHX (14)

where the expression λTsHX is the PMC maximum value.
3) Algorithm is repeated and never terminated to prevent

sliding carriers.

Fig. 3. Estimated search space λ = 8.

If the carrier’s relative sliding is small, its effect on syn-
chronization time can be omitted. The time to achieve syn-
chronization varies from M to (λ− 1)M of LFHPI switch-
ing periods TsL, which depends on adjustment size in (13):
δS = δθ

2π λTsHX/M where M ≥ 1.
For example, if M = 1, the maximum time to achieve the

synchronization is (λ− 1)TsL and the minimum time is TsL.
However, if the carrier’s relative sliding speed is comparatively
close to the synchronization phase shift reference adjustment
applied per one switching period TsL, there might be a case
when the synchronization effort cannot keep up with the relative
sliding of carriers. Either parameter M was chosen inappropri-
ately big or the carrier’s sliding is too rapid. This kind of rapid
sliding cannot be caused by the crystal temperature shifts and is
most probably due to coding error and would not be covered by
the proposed algorithm.

The algorithm gradually reaches the state when samples in
the buffer match the model calculated at θref. In (13), this is
the fifth state when hm > hl, hr and Sref[n+ 1] becomes static.
However, the local search algorithm may bind to the local
extrema. To check whether local extrema exist, an approximate
search field is calculated. Cross-correlation is performed on
modeled ripple against its own phase-shifted versions over one
grid-cycle. Cross-correlation results are placed on the heat map
as an approximate search space in Fig. 3.

Clear single supremum is only achieved when the grid is at
ωgt ≈ 0, π. In other cases, local extrema exist. Visualization of
the search space reveals that local extremums always localized
π radians away from the global one. Using this additional rule
of synchronization, we define

Sref [n+ 1] =

{
Sref [n] , hm ≥ hck

Sref [n] +
λ·TsHX

2 , hm < hck
(15)

where hck = h(θref + π) is an additional cross-correlation re-
quiring additional ripple model at θref + π.

Three phase-shifted model calculation instances are required
for each step before supremum or extremum is reached. One
additional instance would be required when the extremum is
reached.

IV. DIRECT DIGITAL CONTROL FOR HBFPIS

This section provides the derivation of direct digital control
for HF and LF modules. For grid-connected inverters, direct
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Fig. 4. Equivalent diagram of the 3P3W inverter.

digital control provides equations for controlling the current of
the inverter-side inductor. The derivation is based on finding
the relationship between the average trajectory of the controlled
current and the control parameter. This process is often referred
to as the division–summation (D–Σ) process. The duty cycleDk

of PWM is the control parameter in this control. For inverters
with an LC filter, the control equations can be derived from the
equivalent diagram provided in Fig. 4.

For 3P3W inverter, using Kirchhoff’s voltage law (KVL) in
the equivalent diagram in Fig. 4 yields

vnO = ukO − LikL
diikL
dt

− vkcn. (16)

The general expression of common mode voltage for each
voltage vector can be derived using linear combination. For this
nonzero terms, aR, aS , andaT are introduced for any voltage
vector Vj

vnO.V j =
1∑

k={R,S,T } ak

⎛
⎜⎝ ∑

k ={R,S,T }
akukO

−
∑

k ={R,S,T }
ak

LikLdiikL
dt

−
∑

k = {R,S,T }
akukcn

⎞
⎟⎠. (17)

In 3P3W, the approach is to find the average common-mode
voltage over one switching cycle

vnO =
T0vnO.V 0 + TxvnO.V x + TyvnO.V y + T7vnO.V 7

Ts
(18)

where Ti are the switching-time intervals and vnO.Vi
are the

amplitudes of the applied voltage vectorsVi with vector numbers
i = {0,1, …,7} and x �= y = {1,2, …,6} is a subset of vector
numbers excluding the zero and the seventh vector.

Time derivatives of the currents in (17) are represented with
discretized form by replacing the intervals Tj as period Ts

multiplied by duty ratios and dii as a finite increment of current
Δii. Substituting discretized results into (18) for any adjacent
four voltage vectors will yield

vnO =
VDC (aRDR + aSDS + aTDT )

aR + aS + aT

− aRLiRΔiiR + aSLiSΔiiS + aTLiTΔiiT
(aR + aS + aT )Ts

− aRvRcn + aSvScn + aT vTcn

aR + aS + aT
. (19)

The only possible set of independent solutions for DR, DS ,
and DT is discretized and written as

Dk [n+ 1] =
vnO
VDC

+
vkcn [n+ 1]

VDC [n]
+

LikLΔiik [n+ 1]

VDC [n]Ts
(20)

where n + 1 is the next switching cycle, and Δiik[n+ 1] is the
current variation which will be defined later. The term vnO

VDC
set as

an arbitrary value and can be varied for zero-sequence injection.
In this case, vnO

VDC
= 1

2 . The control laws for 3P3W and 3P4W
are identical, thus interoperable between topologies.

For LFHPI, the current variation is defined as

ΔiikL [n+ 1] = IrefkL [n+ 1]− iikL [n] . (21)

The term IrefkL[n+ 1] is the current command reference
term, calculated depending on the proportion of energy sharing
between HFLPI and LFHPI.

For HFLPI, the current variation is defined as

ΔiikH [n+ 1] = IrefkH [n+ 1]− iikL [n]

− irpk [n+ 1] (22)

where IrefkH [n+ 1] is the term of the fundamental current
command reflecting the proportion of energy that is shared
by HFLPI, and irpk[n+ 1] is a term of ripple attenuation. To
calculate the current ripple term irpk[n+ 1], readers can use the
models derived in Section II.

According to the concept state of controllability [22],
the 3P3W inverter has two uncontrollable parameters:∑

k = R,S,T iikL(t) and
∑

k = R,S,T vkcn(t). The sum of current
ripple commands for three phases would always result in zero,
meaning that performing such current commands is feasible in
the 3P3W topology.

V. SWITCHING FREQUENCIES AND FILTER DESIGN

A. Ripple Attenuation Ratio for 3P3W Inductor Current
Ripples

Filter design in HbFPIS starts by determining the switching
frequencies of two inverters. For LFHPI, the switching fre-
quency is chosen based on the characteristics of the switching
device. High-power inverters using insulated-gate bipolar tran-
sistors (IGBTs) usually operate at frequencies below 10 kHz.
For this work, the LFHPI operating frequency is chosen as 6.12
kHz. HFLPI frequency is chosen based on the ripple attenuation
quality that depends on frequency ratio λ. For comparison pur-
poses, ripples in 3P4W and 3P3W inverters are shown in Fig. 5.

In [6], the ripple attenuation ratio versus frequency ratio
is presented in the closed-form expressions for 3P4W. Ripple
attenuation ratio α is defined as a ratio between the rms of the
attenuated output signal and the rms of the original signal. This
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Fig. 5. 3P3W and 3P4W ripples canceled with the same frequency ratio.

parameter shows the quality of ripple attenuation. For 3P3W, an
alternative way of analyzing the ripple attenuation is presented.

According to the Nyquist–Shannon sampling theorem

“A function f(t) containing no frequencies higher than F Hertz is
completely re-constructable by sampling it at a series of timestamps
spaced 1

2F seconds apart”

Looking at attenuation as a process of reconstruction of the
time-limited function with limited samples is a time-domain
approach. Instead, to gain some knowledge by comparing 3P3W
ripple to 3P4W, let us compare the harmonic composition of two
types of ripples. For this, let us represent (1) and (4) as a sum of
harmonic functions using Fourier transformation

fFT (t) =
a0
2

+
∞∑

m=1

(
am cos

(
2mt

TL

)
+ bm sin

(
2mt

TL

))
.

(23)
Ripple is an odd, unbiased function, so terms a0 = 0, am =

0, and bm can be found as

bm =
4

TL
∫TL/2
0 f (t) sin

(
2mt

TL

)
dt. (24)

Simple integration of (24) for functions (1) and (4) yields two
amplitude terms b3w(m) and b4w(m). Limiting summation to
the first n harmonic components, reconstruction of the original
function in frequency-domain can be written as⎧⎨

⎩
g3w (t, n) =

∑n
m=1 b3w(m) sin

(
2mt
TL

)
g4w (t, n) =

∑n
m=1 b4w(m) sin

(
2mt
TL

)
.

(25)

The frequency-domain analogy of ripple reconstruction error
ratio then can be written as⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

β3w (n) =

√
∫
TL
2

0 (iik.3W(t)−g3w(t,n))2dt√
∫
TL
2

0 iik.3W(t)2dt

β4w (n) =

√
∫
TL
2

0 (iik.4W(t)−g4w(t,n))2dt√
∫
TL
2

0 iik.4W(t)2dt

. (26)

Ripple reconstruction error shows the quality of reconstruc-
tion depending on how many harmonic components are used
for the reconstruction of the ripple. Using control law (20)

Fig. 6. Average error of reconstruction of ripple signal in 3P3W and 3P4W
inverter side inductance.

for phase-R together with ripple models for 3P3W and 3P4W,
the ripples are calculated at 0°, 15°, 30°, …, 90° of phase-R
grid voltage instants. In both 3P3W and 3P4W, the same dc
voltage, ac voltage, and inductance parameters are used. These
ripples are reconstructed with varying amounts of harmonics
n = 1,2, …,10. The reconstruction error ratio (26) is calculated
for each ripple shape in 3P3W and 3P4W systems. The average
errors of reconstruction β3w and β4w are shown in Fig. 6.

The reconstruction error of the 3P3W ripple is consistently
higher than that of the 3P4W ripple. This indicates that the
3P3W ripple is harmonically more complex. Going back to the
Nyquist–Shannon theorem: using λ (frequency ratio) samples
would recover up to λ

2 subharmonics of the ripple signal. The
3P3W HbFPIS ripple attenuation would require an increased
frequency ratio compared to the 3P4W HbFPIS to achieve the
same attenuation. In this work, the frequency ratio λ = 8 is
chosen, and the average reconstruction error for 3P3W, n = 4, is
β3w = 11%. The average reconstruction error is 3 times lower
than the time domain ripple attenuation ratio for 3P4W ripple
from [6]. Taking this scaling into account, in the worst case, it is
expected to have a ripple attenuation ratio 11% < α3w ≤ 33%.
With this alternative way to analyze ripple attenuation, the filter
design can be continued.

B. Filter Design of 3P3W HbFPIS

The method of filter design partially follows [23]. The induc-
tance for HFLPI is chosen taking into account dynamic response.

First, knowing the per phase apparent power Sph = Stot
3 ,

where Stot is the total apparent power of the inverter, grid
voltage frequency fg and phase voltage vgk, for both 3P3W
and 3P4W, and the capacitor are chosen by limiting the power
factor variation ΔPF to some acceptable level

Ck = ΔPF · CB =
ΔPF · Sph

2πfgv2gk
. (27)

The grid-side harmonics are reduced passively by the grid-
side inductor Lgk. The expected ripple attenuation ratio α and
switching ripple reduction ratio on the grid side kig will deter-
mine the value of grid-side inductance as

Lgk =

α
kig

+ 1

(2πfsL)
2Ck

. (28)
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TABLE III
SYSTEM SPECIFICATIONS AND FILTER DESIGN

In 3P3W, the inverter-side inductor experiences maximum
current ripple at either grid voltage peaks or zero crossing. This
is determined by the ratio between dc source and grid voltage.

Inverter-side inductance in the 3P3W inverter can be calcu-
lated as

LikL.3W =
VL

ΔippkL.max
Δt

=

⎧⎪⎪⎨
⎪⎪⎩

( 2
3VDC−

√
2vgk)

ΔippkL.max

3
√
2vgkTsL

4VDC

∣∣∣∣
at vgk.pk

,
vgk

VDC
≤ 1

9

(
3
√
2−√6)

√
6vgkTsL

6ΔippkL.max

∣∣∣∣
at vgk.zc

,
vgk

VDC
> 1

9

(
3
√
2−√6) .

(29)

In the 3P3W topology, the ripple has a complicated structure
of seven segments belonging to two active and two passive
vectors. Simplified, two passive vectors are almost identical,
so only three distinct vectors are applied over the switching
cycle. There always exist two vectors codirected in terms of
magnetization and one opposite. Ignoring the middle amplitude
vector, the two most opposed magnetizing and demagnetizing
vectors are arranged to attenuate each other. The inductance
that would match the occurring slew rates in this arrangement
for 3P3W HbFPIS, then can be calculated as

LikH.3W=

√
6vgkTsH

6ΔippkH.max
≤
∣∣∣∣

1
3VDC− 1

2 |vRcn|max

− 1
3VDC− 1

2 |vRcn|max

∣∣∣∣ · LikL.3W.

(30)
Specifications and the set of filter parameters of HbFPIS de-

signed exclusively for three-wire setting are shown in Table III.
The stability analysis is presented in the next section.

VI. CURRENT TRACKING CAPABILITY AND STABILITY

ANALYSIS OF 3P3W HBFPIS

The most appropriate way to analyze a digitally controlled
system is in the z-domain using direct synthesis or Tustin’s
method. However, operation at different frequencies of two
parallel inverters in HbFPIS forces us to analyze the system
as a multi-rate system. Moreover, the plant has to be digitized
to have all of the elements in the z-domain. However, it is not
clear how to digitize a single plant controlled simultaneously
by hybrid frequency controllers. This can be a topic for future
research. A suitable way is to use the pseudocontinuous-time
approach of system analysis [24]. The sampler, zero-order-hold
(ZOH), and delays are approximated as continuous time blocks
in the s-domain. First-order Pade approximation is used for the
exponential representation of ZOH and delays.

A. Current Tracking Capability Analysis

A diagram reflecting the connection between the 3P3W plant
and controllers is shown in Fig. 7. Blocks GdL(s) and GdH(s)
are defined as the equivalent s-domain blocks of delays, sample-
hold, and a sampler as follows:

GdL (s) =
1

TsL
· e−yLsTsL ·

(
1− e−sTsL

)
s

GdH (s) =
1

TsH
· e−yHsTsH ·

(
1− e−sTsH

)
s

(31)

where yL and yH are the delay constants falling within 0–1.5.
The first-order Pade approximation of the exponent function
is applied to (31). Inductance and capacitance values are con-
stant, and time-domain signals vkgn and Vdc are mapped to the
s-domain as constants.

The transfer functions of inductor-side current and grid-side
current in relation to reference current are derived as

GiiL =
iikL
irefkL | irefkH = 0

=
BkL/AkL

Gdenum
(32)

GiiH =
iikH
irefkH

| irefkL= 0 =
BkH/AkH

Gdenum
(33)

GigL =
igk
irefkL | irefkH = 0

=
GiiL

Γk

(
1 +

NkH

AkH

)
(34)

GigH =
igk

irefkH
| irefkL= 0 =

GiiH

Γk

(
1 +

NkL

AkL

)
(35)

where

Gdenum =

(
1− NkLNkH

AkLAkH

)
(36)

AkL = s3LikL (Llk+Lgk)Ck+s2GdLfsLLikL

(
Llk

+Lgk

)
Ck + s

(
LikL + Llk + Lgk −

(
Llk

+ Lgk

)
GdL

)
+GdLfsLLikL (37)
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Fig. 7. Control block diagram of a 3P3W grid connected HbFPIS.

Fig. 8. Bode plots of (32)–(35) with the parameters as shown in Table III.

AkH = s3 LikH (Llk + Lgk)Ck

+ s2GdHfsHLikH (Llk + Lgk)Ck

+ s (LikH + Llk + Lgk − (Llk + Lgk)GdH)

+GdHfsHLikH (38)

BkL = GdLfsLLikL

(
s2 (Llk + Lgk)Ck + 1

)
(39)

BkH = GdHfsHLikH

(
s2 (Llk + Lgk)Ck + 1

)
(40)

Γk = s2 (Llk + Lgk)Ck + 1 (41)

NkL = s (Llk + Lgk)GdL − s (Llk + Lgk) (42)

NkH = s (Llk + Lgk)GdH − s (Llk + Lgk) . (43)

Bode plots of (32)–(35) are shown in Fig. 8. Magnitude of
0 dB at 60 Hz shows good tracking capability for the fundamental
current command. Phase shift varies between−0.4° and−3.45°.
Considering that the ripple attenuation command is in the kHz
range, digital preprocessing can be introduced. Preprocessing is
used to cancel out the effects of delays and parasitic parameters

Fig. 9. Nyquist diagram of open loop representation of grid-connected parallel
inverters ηZ(s).

of the plant in the kHz range. More about preprocessing appli-
cable for digital control that is used for higher frequency signal
generation is in [6].

Equivalent impedances of the grid, HFLPI, and LFHPI are
derived as

Zgk =
2CkRESR (Lgk + Llk)s2 + 2 (Lgk + Llk )s

s2Ck (Lgk + Llk) + sCk RESR + 1
(44)

ZOkL | irefkL= 0 = − vRTL

iiRL
=

3 (s+GdLfL)LikL

2 (1−GdL)
(45)

ZOkH | irefkH= 0 = − vRTH

iiRH
=

3 (s+GdHfH)LikH

2 (1−GdH)
. (46)

The Nyquist plot for impedance ratio ηZ never encircles −1,
which means that the closed loop system representation of grid-
connected parallel inverters 1

1+ηZ(s) is stable. Using a zoomed
view in Fig. 9, the minimum phase margin of 24.8° at a frequency
of 18.5 kHz can be found. A minimum gain margin of 43.5 dB
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Fig. 10. Pole-zero plots of (32)–(35) transfer functions with the parameters as
shown in Table III.

can be found at phase shift intersection of −180° at 250 kHz.
Both the phase and gain margins are sufficient.

B. Stability Analysis

Based on closed-loop transfer functions (32)–(35), the inves-
tigation of absolute stability is done. According to Fig. 10, all
the poles remain in the left half-plane of the pole-zero plot. This
implies that the system is stable; however, impedance-based sta-
bility analysis is performed to examine the margins of stability.
According to [25], the system would be stable if the ratio of the
grid impedance to the inverter parallel system output impedance
seen at the connection point ηZ =

Zgk

ZOkL||ZOkH
satisfies the

Nyquist criterion.

VII. SIMULATED AND EXPERIMENTAL RESULTS

The control law equation (20), 3P3W ripple model (1), Ta-
bles I and II, and wireless synchronization (9)–(15) are adopted
for a 20-kW 3Φ3W grid-connected HbFPIS. The design and
specifications used in simulations and laboratory tests are pre-
sented in Table III. The performance of current attenuation and
wireless synchronization are investigated in simulations and
experiments.

A. Simulated Results

Simulation results for 20-kW 3P3W grid-connected HbFPIS
are presented in Figs. 11 and 12. The nonideal frequency ratio
λ is set by slightly altering the switching frequency of LFHPI.
The switching frequency of HFLPI is fixed. In a simulation,
the nonideal frequency ratio is set as λ = 8.0065. The wireless
synchronization algorithm is active to avoid carriers’ slides. In
Fig. 11(a), total harmonic distortions (THDs) of the output grid
currents are 1.47%, 1.46%, and 1.48% for R-, S-, and T-phase
currents, respectively. THDs of capacitor voltages are 0.6% for
all three phases. To observe the attenuation, the inverter-side
currents are collected as shown in Fig. 11(b).

The capability of the synchronization algorithm to wirelessly
synchronize carriers is observed in Fig. 12. For this output
signals CL and CH are introduced. The signal CL belongs to the
LFHPI and it is negated at every crest of the carrier. CH belongs
to HFLPI and it is negated atSref[n] and PMC comparison match.

Fig. 11. Simulation of (a) grid voltage and currents and (b) LFHPI and HFLPI
inverter side inductor currents.

Fig. 12. Transient of initial synchronization when (a) local extremum of the
metric is approached and (b) gradual synchronization is performed.

Two types of transient behavior are shown. For this HbFPIS
synchronization algorithm starts working when the carriers are
unsynchronized. In Fig. 12(a), the HFLPI uses a case (15) and
immediately synchronizes. In Fig. 12(b), the HFLPI gradually
synchronizes with a set of rules (13).

To check for harsher switching frequency misalignments, it
is set to λ = 7.974 and up to λ = 8.052. HFLPI still preserves
the ability to attenuate ripples if the wireless synchronization
is active. The quality of the output current would slightly suf-
fer, even though the carriers are still synchronized. For ratio
λ = 7.974, the THDs of the output currents are 2.48%, 2.49%,
and 2.46% for R-, S-, and T-phase currents, respectively. For
ratio λ = 8.052, 2.13%, 2.05%, and 1.90% are obtained. The
simulated conditions far exceed the typical deviations of the
crystal [15].

B. Grid Connected Mode Experimental Results

The structure of the experimental setup is shown in the
diagram of Fig. 13. Although the premise of wireless carrier
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Fig. 13. Structural diagram of experimental setup.

Fig. 14. Measured LFHPI and HFLPI inverter side inductor currents and their
sum (a) without and (b) with ripple attenuation.

Fig. 15. Measured LFHPI and HFLPI inverter side inductor currents and their
sum (a) without and (b) with ripple attenuation.

synchronization is to increase the autonomy of HbFPIS modules
wirelessly, in this experimental set, some wired communica-
tion still exists. Handshake and protection signals are sent in
a wired fashion; however, the carrier synchronization is done
autonomously by HFLPI itself. The HFLPI module has an
additional current sensor based on the Hall effect. This sensor is
magnetically connected to the LFHPI to measure the inductance
current ripple. To be able to save ripple features, high unity band-
width operational amplifiers are used for scaling down the signal,
whereas the Hall sensor has a bottleneck bandwidth of 200 kHz.
Both controllers employ a 12-bit successive approximation A/D
converter with a conversion time of 0.48 μs per channel with a
60 MHz clock rate.

The experimental results of a 20-kW 3P3W Grid Connected
HbFPIS are shown in Figs. 14–17. For comparison, the inverter
sends power without and with ripple attenuation. Figs. 14 and
15 show measured attenuation of different shapes of the LFHPI

Fig. 16. Measured grid currents and capacitor voltage (a) without
(iTHD = 5.78%) and (b) with (iTHD = 4.27%) ripple compensation.

Fig. 17. (a) Transient of initial synchronization. (b) Persistent synchronization
over half line-cycle.

ripple. The ripple generated by LFHPI in the sum of inverter-
side inductor currents decreased from 12.15% to 7.93%, of the
fundamental. In turn, this is also improving output currents as it
is presented in Fig. 16.

C. Wireless Synchronization Experimental Results

The experimental results for the wireless synchronization
algorithm are shown in Fig. 17. CL reverses the state at every
crest of the LFHPI carrier. To identify the synchronization, CH

reverses state at every first crest (or state reset) in HFLPI.
As can be observed, the two carriers are initially unsynchro-

nized. CH is sporadically changing until LFHPI starts to send
power. After LFHPI sends current, the carriers are synchronized
as shown in Fig. 17(a), and kept synchronized for the operation
time as shown in Fig. 17(b). Transient in this case was similar to
the one shown in Fig. 12(a), or immediate synchronization using
the rule of synchronization (15). The synchronization in this
example takes 3 TsL= 0.49 ms. With gradual synchronization, it
can take up to 7 TsL= 1.1ms after the synchronization algorithm
is activated to synchronize the carriers.

VIII. CONCLUSION

In this article, a new grid-connected 3P3W HbFPIS topology
has been discussed. Digital control, ripple model, and additional
use of models for wireless synchronization are presented. Com-
pensation of inverter-side current ripple and wireless synchro-
nization are both verified in the test with 20-kW grid-connected
HbFPIS. The wireless carrier synchronization algorithm in gen-
eral can be used in other systems with hybrid frequency using the
same concept of extracting information from energy measure-
ment channels. This can extend the autonomy and reliability of
power modules. Differences in design and stability analysis be-
tween 3P4W and 3P3W HbFPIS are addressed, and expressions
are presented for designers. The experimental 20-kW system



WU et al.: 3P3W GRID-CONNECTED HYBRID-FREQUENCY PARALLEL INVERTER SYSTEM WITH WIRELESS SYNCHRONIZATION 14941

can achieve an output current THDs < 5%, complying with the
IEEE-519 regulation.
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