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Abstract—Compliance with harmonic grid standards becomes
particularly challenging under non-ideal operating conditions,
e.g., when other converters—bedsides the one of interest—inject
harmonic distortions, referred to as disturbances, at the point of
common coupling (PCC). This paper proposes optimized pulse
patterns (OPPs) for grid-connected converters with an LCL

filter that ensure PCC current and voltage harmonics meet the
relevant harmonic grid standards, even in the presence of such
disturbances. This is achieved by formulating the OPP problem
as a robust optimization problem that explicitly accounts for
external harmonic distortions and incorporates explicit current
and voltage harmonic constraints. The proposed framework can
be applied under different levels of disturbance information:
(i) full knowledge of harmonic amplitudes and phases, (ii)
uncertain but bounded characteristics, and (iii) complete lack of
knowledge during the OPP computation. Numerical results and
experimental tests demonstrate that the proposed OPPs achieve
significantly better compliance with harmonic grid standards
compared with advanced modulation strategies such as selective
harmonic elimination (SHE) and conventional OPPs.

Index Terms—Grid-connected converters, grid standards, har-
monic distortion, LCL filter, optimized pulse patterns (OPPs),
pulse width modulation (PWM).

I. INTRODUCTION

THE growing adoption of grid-connected converters in dis-

tributed generation, including renewable energy sources,

poses significant challenges for maintaining power quality in

modern electrical networks. These converters inject harmonic

distortions at the point of common coupling (PCC), which can

adversely affect other grid customers. To preserve overall grid

reliability and protect customers from such negative effects,

the output current and voltage of grid-connected converters

must comply with established grid standards. Standards such

as IEEE 519 [1] and IEC 61000-2-4 [2] specify permissible

limits on individual harmonics and the total demand distortion

(TDD) at the PCC.

Hardware-based approaches for mitigating switching-

induced harmonic distortion rely on passive filters, particularly

LCL configuration. These filters have been widely used to
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connect power converters to the grid due to their simplicity

and effectiveness in attenuating harmonics above their reso-

nance frequency. However, they provide limited suppression

of low-order harmonics, making full compliance with har-

monic grid standards challenging. To address this limitation,

hybrid strategies that combine passive filters with active power

filters (APFs) have been proposed [3]–[5]. Such strategies

dynamically compensate for low-order harmonics and improve

compliance, but they also increase design complexity and

overall system cost.

In contrast, software-based pulse width modulation (PWM)

techniques provide a cost-effective means of improving output

power quality. Conventional PWM schemes, such as carrier-

based PWM (CB-PWM) and space vector modulation (SVM),

are widely used due to their straightforward implementa-

tion [6]. However, the use of a fixed modulation cycle gives

rise to pronounced sideband harmonics around the switching

frequency and its integer multiples. If any of these components

lies near the resonance frequency of the LCL filter, the

filter resonance may be excited, leading to a significant rise

in current and voltage distortions. Increasing the switching

frequency can mitigate this resonance interaction, but at the

cost of higher switching losses. This reflects a fundamental

limitation of conventional PWM methods, namely an unavoid-

able trade-off between harmonic performance and conversion

efficiency.

To improve this trade-off—which is crucial for achiev-

ing both grid- and converter-friendly operation—offline pro-

grammed PWM strategies, such as selective harmonic elimina-

tion/mitigation (SHE/SHM) [7]–[13], optimized pulse patterns

(OPPs) [14]–[18], and hybrid modulation approaches [19],

allow the switching instants (referred to as switching angles)

to be distributed more freely. This flexibility makes it possible

to lower harmonic distortions while also reducing switch-

ing losses since operation at lower switching frequencies is

possible. In SHE/SHM, the switching angles are computed

so that specific harmonics are eliminated/mitigated, ensuring

their compliance with harmonic grid standards. Yet, achiev-

ing compliance across the entire harmonic spectrum remains

challenging, as solving the resulting system of nonlinear equa-

tions/inequalities to determine a larger set of switching angles

can be computationally intractable and highly sensitive to the

accuracy of angles. Moreover, eliminating selected harmon-

ics often redistributes harmonic energy to other frequencies,

thereby degrading overall current quality.

OPPs, in contrast, are obtained by solving an optimization

problem that minimizes the TDD of the output current, thus
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Fig. 1: A two-level converter connected to the grid via an LCL filter and a transformer. Other converters connected to the PCC introduce additional harmonics.

yielding superior harmonic performance. However, since the

OPP optimization criterion focuses solely on distortion min-

imization, compliance with harmonic grid standards is not

inherently guaranteed. This limitation was addressed in [20] by

extending the OPP formulation for grid-connected converters

with an LCL filter to include constraints on individual grid

current harmonics, as required by relevant grid standards.

Although these harmonic-constrained OPPs ensure compliance

with the harmonic grid standards, they are designed under the

assumption of an ideal grid, while real grids often contain

background harmonic voltages (disturbances) generated by

other converters connected to the PCC.

Such disturbances were considered in [21], where the

harmonic-constrained OPP problem was further extended to

also include harmonic contributions from other converters.

Although this approach ensures that current and voltage

harmonics at the PCC meet the relevant grid standards, it

relies on exact knowledge of the disturbance profile—i.e., the

amplitude, phase, and frequency of its harmonics. Such precise

information, however, is rarely available in practice. Therefore,

even small deviations from the assumed disturbance profile can

compromise compliance with harmonic grid standards.

To address the shortcomings of [21], this work introduces

a robust harmonic-constrained OPP optimization framework

that explicitly accounts for the most challenging disturbance

scenarios. As a result, the proposed OPPs ensure compli-

ance with harmonic grid standards not only for fully known

disturbances, but also for uncertain yet bounded disturbance

sets. Furthermore, OPPs can be computed that keep all har-

monics within their permissible limits even in the absolute

absence of disturbance knowledge. Comprehensive numerical

and experimental results demonstrate that the proposed robust

OPPs achieve significantly better compliance than conven-

tional OPPs and SHE in the presence of harmonic disturbances

at the PCC. In particular, the proposed modulation method

guarantees compliance when partial disturbance information

is available. Moreover, even without any prior disturbance

knowledge, harmonic grid standards are met provided that

the amplitudes of the disturbance harmonics are below 50%
of their maximum allowable levels, regardless of their phase.

Neither conventional OPPs nor SHE exhibit comparable ro-

bustness against harmonic disturbances in any of the evaluated

scenarios.

The remainder of this article is organized as follows. Sec-

tion II models grid-connected converters with an LCL filter

under disturbances at the PCC. Section III first presents the

conventional OPP optimization problem and then introduces

the proposed OPP framework that incorporates disturbances,
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Fig. 2: Equivalent circuit in the stationary orthogonal (αβ) frame.

progressing from full knowledge to complete uncertainty. The

performance of the proposed optimal modulation method is

benchmarked against conventional OPPs and SHE through

numerical and experimental tests in Section IV. Subsequently,

Section V discusses the limitations of the proposed modulation

method and outlines potential directions for future research.

Finally, Section VI concludes the paper.

II. SYSTEM MODEL IN THE PRESENCE OF DISTURBANCES

In this paper, OPPs are designed for a low-voltage (LV)

power electronic system consisting of a two-level converter

connected to the grid through an LCL filter and a trans-

former, as illustrated in Fig. 1.1 In addition to the converter

1The grid-side filter and transformer inductances are lumped together and
represented by Lfg .



under study, other converters are assumed to be connected

to the same PCC, injecting additional harmonic currents and

voltages. To capture these interactions, Fig. 2(a) presents the

corresponding αβ-frame equivalent circuit for both fundamen-

tal and harmonic components.2 For the subsequent analysis,

the harmonic model shown in Fig. 2(b) is employed, where

the grid voltage vg is assumed to be ripple-free and thus

short-circuited. The aggregate effect of all external converters

connected to the PCC is represented by an equivalent voltage

source vd, connected through a transformer modeled as a

series RL branch with lumped inductance Ld and resistance

Rd. The harmonics of the voltage across this branch, denoted

by vpcc,2 (see Fig. 2(d)), are treated as disturbances acting on

the system.

To derive the current and voltage harmonics at the PCC,

contributions from two distinct harmonic sources must be

considered: the converter of interest and the disturbances. The

procedure for this derivation is presented in the sequel.

A. Harmonic Contribution of Converter Under Study

To investigate the contribution of the converter, the distur-

bance source vd is modeled as a short circuit (see Fig. 2(c)).

Under this assumption, circuit analysis of Fig. 2(c) yields the

system dynamics in the form of differential equations.3 To

this end, the converter current iconv, the converter-contributed

PCC current ipcc,1, and the capacitor voltage vc are chosen

to form the system state vector, i.e., [iTconv iTpcc,1 vT
c ]

T ∈ R
6.

The system input is the three-phase converter switch posi-

tion uabc = [ua ub uc]
T ∈ {−1, 1}3,4 while the system

outputs are the three-phase converter-contributed PCC current

ipcc,1,abc ∈ R
3 and voltage vpcc,1,abc ∈ R

3.

With these definitions, the state-space representation of the

system can be obtained, as shown in [21]. Based on this model,

the transfer matrices describing the impact of the applied

switching signals (pulse patterns) uabc on the PCC current

and voltage are derived in the frequency domain using the

Laplace transform. These have the form

H1(s) = L{ipcc,1,abc}(s)/L{uabc}(s)
H2(s) = L{vpcc,1,abc}(s)/L{uabc}(s) .

(1)

B. Harmonic Contribution of Disturbances

In a similar manner, the effect of the disturbances on the

system is investigated by modeling the converter under study

as a short circuit (see Fig. 2(d)). The state vector is defined

as [iTconv iTpcc,2 vT
c iTg ]

T ∈ R
8, where ipcc,2 denotes the current

contributed by the disturbances at the PCC, and ig is the

grid current. The system outputs in this case are the three-

phase PCC current and voltage due to the disturbances, i.e.,

ipcc,2,abc ∈ R
3 and vpcc,2,abc ∈ R

3, respectively.

Based on this setup, a state-space model is derived by treat-

ing the three-phase disturbance voltage at the PCC vpcc,2,abc

2For notational simplicity, variables in the αβ-frame are written without
the corresponding subscript throughout the paper.

3For a detailed derivation of the differential equations, see [21].
4The converter output voltage in Fig. 2 is vconv(t) = (Vdc/2)Kuabc(t),

with Vdc denoting the dc-link voltage and K being the transformation matrix
from the abc- to the αβ-frame.
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Fig. 3: System transfer functions relating the converter switching signal to the
PCC current (red solid line) and voltage (blue solid line), and the disturbance
voltage to the PCC current (red dashed line) and voltage (blue dashed line).

as the input. From this model, the transfer matrices H3(s)
and H4(s) are obtained, which quantify how disturbances

propagate into the PCC current and voltage, respectively, i.e.,

H3(s) = L{ipcc,2,abc}(s)/L{vpcc,2,abc}(s)
H4(s) = L{vpcc,2,abc}(s)/L{vpcc,2,abc}(s) .

(2)

C. Total PCC Current and Voltage

Evaluating the transfer matrices (1) and (2) at s = nωg,

where ωg is the grid angular frequency, describes how the nth

(n > 1) voltage harmonic—whether originating from the con-

verter or from the disturbances—affects the nth harmonic of

the PCC current and voltage. Fig. 3 shows the Bode diagrams

of the four system transfer matrices Hk, k ∈ {1, 2, 3, 4}, for

the system parameters listed in Table II.

To determine the combined effect of the two different har-

monic sources, the total PCC current and voltage are obtained

by applying the principle of superposition. Accordingly, the

three-phase PCC harmonic current in the frequency domain is

given by

ipcc,abc(s) = ipcc,1,abc(s) + ipcc,2,abc(s)

= H1(s)uabc(s) +H3(s)vpcc,2,abc(s) ,
(3)

and the corresponding three-phase PCC harmonic voltage is

vpcc,abc(s) = vpcc,1,abc(s) + vpcc,2,abc(s)

= H2(s)uabc(s) +H4(s)vpcc,2,abc(s) .
(4)

These harmonic-domain expressions form the analytical foun-

dation for formulating the OPP optimization problem that



captures the interaction between converter- and disturbance-

induced harmonics at the PCC.

III. TWO-LEVEL OPPS FOR GRID-CONNECTED

CONVERTERS WITH AN LCL FILTER

OPPs are a synchronous PWM method. Therefore, the

switching behavior of a two-level converter can be fully

described by a single-phase 2π-periodic signal, e.g., u(θ) ≡
ua(θ). Assuming a balanced three-phase system, the switching

signals in phases b and c, i.e., ub(θ) and uc(θ), respectively,

are obtained by phase-shifting u(θ) by −2π/3 and 2π/3,

respectively.

By imposing quarter- and half-wave symmetry (QaHWS) on

u(θ), it can then be fully characterized by d switching angles

αi ∈ [0, π/2], i ∈ {1, . . . , d}, and d + 1 switch positions uj ,

j ∈ {0, 1, . . . , d}, within the first quarter of the fundamental

period, with the initial switch position u0 ∈ {−1, 1}. Owing

to the symmetry properties and periodicity of u(θ), the PWM

signal over one period can be described by the Fourier series

u(θ) = a0 +

∞∑

n=1

(an cos(nθ) + bn sin(nθ)) , (5)

with all an Fourier coefficients being zero due to QaHWS. As

for the bn coefficients, the imposed symmetry implies that

bn =
4u0

nπ

(

1 + 2

d∑

i=1

(−1)i cos(nαi)

)

, n = 1, 3, 5, . . . .

(6)

The main advantage of QaHWS lies in its simplicity as

it significantly reduces the problem size. However, it also

artificially limits the degrees of freedom in the optimization

process. As shown in [22], dropping quarter-wave symmetry

(QWS) expands the feasible solution space of the OPP opti-

mization problem, thus enabling improved harmonic perfor-

mance for a given number of switching angles.

When only half-wave symmetry (HWS) is imposed, the

switching signal is described by 2d + 1 switching angles

αi ∈ [0, π], i ∈ {1, . . . , 2d + 1}, within the first half of the

fundamental period. In this case, both the an and bn Fourier

coefficients in (5) are nonzero and given by

an = −u0
4

nπ

2d+1∑

i=1

(−1)i sin(nαi), n = 1, 3, 5, . . .

bn = +u0
4

nπ

2d+1∑

i=1

(−1)i cos(nαi), n = 1, 3, 5, . . . .

(7)

A. Conventional Harmonic-Constrained OPPs

The conventional QaHWS OPPs for grid-connected convert-

ers with an LCL filter are computed by assuming zero har-

monic disturbances at the PCC. The objective is to minimize

the TDD of the output (i.e., PCC) current, defined as

ITDD =
1√
2Inom

√
∑

n=5,7,...

î2pcc,a,n , (8)

where Inom is the nominal rms current and îpcc,a,n denotes

the amplitude of the nth phase-a PCC current harmonic. The

latter is related to the corresponding switching signal harmonic

ûn via the gain gn, i.e., îpcc,a,n = gnûn, with ûn = |bn|
for QaHWS OPPs. Note that triplen current harmonics (i.e.,

n = 3, 9, . . .) are zero in balanced three-phase wye-connected

systems with a floating neutral.

Accordingly, the conventional QaHWS OPP optimization

problem is formulated as the following non-convex problem

minimize
[α1 ... αd]T

∑

n=5,7,...

(

gn
n

(

1 + 2

d∑

i=1

(−1)i cos(nαi)

))2

(9a)

subject to b1 = m (9b)

0 ≤ α1 ≤ α2 ≤ . . . ≤ αd ≤ π

2
(9c)

u0 ∈ {−1, 1} , (9d)

where (9b) ensures that the fundamental OPP component cor-

responds to the desired modulation index m ∈ [0, 4/π], while

the d + 1 inequality constraints (9c) enforce ascending order

of the switching angles.5 A key feature of this formulation

is the inclusion of gn in the objective function to enable the

OPP computation for higher-order systems, such as the one

considered in this work. This is in contrast to formulations for

first-order systems, see [20] for more details.

However, (9) does not inherently guarantee compliance

with harmonic grid standards. To address this, constraints on

individual non-triplen odd (i.e., n = 6k ± 1, k ∈ N
+) PCC

current and voltage harmonics are added to (9) to ensure

these harmonics remain below their respective limits în,max

and v̂n,max as dictated by grid standards. These constraints

are implemented as soft (rather than hard) constraints to avoid

potential infeasibility of the OPP optimization problem, i.e.,

îpcc,a,n ≤ în,max + ǫi,n

v̂pcc,a,n ≤ v̂n,max + ǫv,n ,

where the slack variables ǫi,n and ǫv,n relax the limits on the

amplitude of the nth phase-a PCC current îpcc,a,n and voltage

harmonic v̂pcc,a,n, respectively.

Nevertheless, the grid-friendly operation of these harmonic-

constrained OPPs may deteriorate in the presence of distur-

bances at the PCC. Under such conditions, compliance with

harmonic grid standards necessitates incorporating the effect of

disturbances into the system model, as described in Section II.

B. OPPs That Account for Harmonic Disturbances

It is assumed that the nth phase-a disturbance voltage

harmonic has a known amplitude v̂pcc,2,a,n = v̂n,nom and

phase φpcc,2,a,n = φn,nom. Under this assumption, the phase-a
disturbance voltage can be expressed as the Fourier series

vpcc,2,a(θ) =

∞∑

n=1

(

ãn cos(nθ) + b̃n sin(nθ)
)

, (10)

5A detailed derivation of (9) is provided in [20].



where the Fourier coefficients ãn and b̃n are obtained by

solving the following system of nonlinear equations







v̂pcc,2,a,n =

√

ã2n + b̃2n

φpcc,2,a,n = arctan(ãn/b̃n) .
(11)

To enable effective mitigation of disturbances, OPPs with

HWS are adopted instead of QaHWS, as HWS allows adjust-

ing the phase of individual OPP harmonics. Given the Fourier

series of HWS OPP and disturbance voltage, the amplitude

of the nth phase-a PCC current harmonic can be computed

from (3) as

îpcc,a,n =

((

anQ1,n + bnQ2,n + ãnQ3,n + b̃nQ4,n

)2

+
(

−anQ2,n + bnQ1,n − ãnQ4,n + b̃nQ3,n

)2
)1/2 (12)

and that of the PCC voltage harmonic from (4) as

v̂pcc,a,n =

((

anQ5,n + bnQ6,n + ãnQ7,n + b̃nQ8,n

)2

+
(

−anQ6,n + bnQ5,n − ãnQ8,n + b̃nQ7,n

)2
)1/2

,

(13)

where Qℓ,n, ℓ ∈ {1, 2, . . . , 8}, depend on the entries of the

matrices Hk(s), k ∈ {1, . . . , 4} (see (1) and (2)), for each

harmonic of order n [21].

Using (12) and (8), the current TDD becomes

ITDD=
1√
2Inom

︸ ︷︷ ︸

c

(
∑

n=5,7,...

(

u0
−4Q1,n

nπ

2d+1∑

i=1

(−1)i sin(nαi)

+u0
4Q2,n

nπ

2d+1∑

i=1

(−1)i cos(nαi) + ãnQ3,n + b̃nQ4,n

)2

+

(

u0
4Q2,n

nπ

2d+1∑

i=1

(−1)i sin(nαi)

+u0
4Q1,n

nπ

2d+1∑

i=1

(−1)i cos(nαi)− ãnQ4,n + b̃nQ3,n

)2)1

2

,

(14)

which can be expressed as ITDD = c
√
Jdist. Since the constant

c is independent of the optimization variables (i.e., switching

angles αi), it does not affect the optimal solution and can be

omitted. Thus, Jdist forms the objective function of the OPP

optimization problem.

Based on the above, the harmonic-constrained HWS OPPs

are obtained by solving the following optimization problem

that explicitly accounts for disturbances at the PCC

minimize
αH , ǫ

Jdist + ǫTWǫ (15a)

subject to b1 = m (15b)

a1 = 0 (15c)

0 ≤ α1 ≤ α2 ≤ . . . ≤ α2d+1 ≤ π (15d)

îpcc,a,n ≤ în,max + ǫi,n , ǫi,n ≥ 0,

∀n = 6k ± 1, k ∈ N1 (15e)

v̂pcc,a,n ≤ v̂n,max + ǫv,n , ǫv,n ≥ 0,

∀n = 6k ± 1, k ∈ N1 (15f)

u0 ∈ {1,−1} , (15g)

where αH = [α1 . . . α2d+1]
T is the vector of switching

angles. In this problem, constraints (15b) and (15c) enforce

a fundamental OPP component with amplitude m ∈ [0, 4/π]
and zero phase. In addition, constraints (15e) and (15f) impose

limits on non-triplen odd harmonics n = 6k ± 1, with

k ∈ N1 = {1, . . . , 8}, as typically required by grid standards,

e.g., [1] and [2]. Moreover, the slack variables, which are part

of the optimization variables, are collected in the vector of

slack variables ǫ = [ǫTi ǫTv ]
T , where ǫi and ǫv contain the

current ǫi,n and voltage ǫv,n slack variables, respectively. To

facilitate compliance with harmonic grid standards, violations

of the soft constraints are strongly penalized through the

diagonal weighting matrix W ∈ R
32×32, where the dimension

corresponds to the total number of constrained current and

voltage harmonics.

C. Robust OPPs That Account for Bounded Variations in

Disturbances

Problem (15) computes OPPs that ensure grid-friendly op-

eration under a fully known disturbance profile, characterized

by specific harmonic amplitudes v̂n,nom and phases φn,nom.

However, these OPPs may no longer guarantee compliance if

the actual disturbances deviate from their nominal values. Such

deviations can arise, e.g., due to changes in the impedance

between external converters and the PCC (i.e., Ld and Rd in

Fig. 2). To accommodate bounded variations in the disturbance

profile, the harmonic-constrained OPPs must be equipped with

robustness to ensure compliance with harmonic grid standards

even when disturbances are only partially known during the

offline computation of the OPPs.

A variation of ± x% in Ld and Rd affects both the

amplitude and phase of the nth nominal disturbance harmonic

(green points in Fig. 4). As a result, the amplitude lies within

the interval v̂pcc,2,a,n ∈ [v̂pcc,2,n,min, v̂pcc,2,n,max], while the

phase falls in the range φpcc,2,a,n ∈ [φpcc,2,n,min, φpcc,2,n,max].
Together, these bounds define an annular sector Ξn, depicted

as the dark gray region in Fig. 4. For computational purposes,

these continuous intervals are uniformly discretized on a

polar grid, with ten equidistant samples along each radius

(harmonic amplitude) and an angular resolution of 10◦ (blue

points in Fig. 4). For each sampled amplitude–phase pair,

solving (11) yields the corresponding Fourier coefficients ãn
and b̃n of the nth disturbance harmonic. Because these sampled
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Fig. 4: Uncertainty realizations for the (a) 5th and (b) 49th disturbance voltage
harmonics at the PCC. The nominal disturbance is shown in green, while the
dark gray region represents all possible realizations under ±25% impedance
variations between the external converters and the PCC. Sampled realizations
are marked in blue, and the most challenging scenarios are highlighted in red.

pairs represent possible variations in the disturbances, the

resulting coefficients are treated as uncertainties in the OPP

computation, with each possible pair {ãn, b̃n} corresponding

to one “uncertainty realization.”

For harmonics of order n = 6k ± 1, k ∈ N1, every uncer-

tainty realization in Ξn must be accounted for to guarantee

compliance with harmonic grid standards under disturbance

variations. However, evaluating all sampled realizations in Ξn

would render the corresponding OPP problem computationally

intractable. To overcome this while retaining robustness, only

those realizations with the maximum amplitude—representing

the most challenging scenarios—are kept for each harmonic

n.6 The resulting reduced uncertainty set Ξ̂n is an arc of radius

v̂pcc,2,n,max (red points in Fig. 4), with the Fourier coefficients

of each considered uncertainty realization collected in the

vector ξn = [ãT
n b̃

T

n ]
T .

Based on these definitions, the proposed robust harmonic-

constrained HWS OPPs are computed by solving a min–max

optimization problem that minimizes the worst-case current

TDD and constraint violations across all realizations in Ξ̂n

for n = 6k ± 1, k ∈ N1, i.e.,

6The justification for considering only maximum-amplitude realizations is
provided in the appendix.
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ã5

b̃ 5

(a) 5th harmonic.
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Fig. 5: Uncertainty realizations for the completely unknown (a) 5th and (b)
49th disturbance voltage harmonics at the PCC. The gray region represents
all possible realizations in Ξn, with sampled realizations shown in blue, and
the most challenging realizations highlighted in red.

minimize
αH , ǫ

max
ξ
n
∈ Ξ̂n

Jdist + ǫTWǫ (16a)

subject to b1 = m (16b)

a1 = 0 (16c)

0 ≤ α1 ≤ α2 ≤ . . . ≤ α2d+1 ≤ π (16d)

îpcc,a,n ≤ în,max + ǫi,n , ǫi,n ≥ 0,

∀n = 6k ± 1, k ∈ N1, ∀ξn ∈ Ξ̂n (16e)

v̂pcc,a,n ≤ v̂n,max + ǫv,n , ǫv,n ≥ 0,

∀n = 6k ± 1, k ∈ N1, ∀ξn ∈ Ξ̂n (16f)

u0 ∈ {1,−1} . (16g)

D. Robust OPPs That Account for Unknown Disturbances

Although the robust OPP framework in Section III-C ac-

counts for uncertainties in harmonic disturbances, ensuring

compliance remains challenging if the disturbance profile is

completely unknown at the time of OPP computation. To

handle this scenario, the OPP problem in (16) can be further

modified, as detailed in the sequel.

When no prior knowledge of the disturbance profile is

available, the nth disturbance voltage harmonic is assumed to

have an arbitrary phase φpcc,2,a,n ∈ [−π, π) and an amplitude

within the range v̂pcc,2,a,n ∈ [0, v̂n,max], where v̂n,max is

specified by the relevant harmonic grid standards. Accordingly,

Ξn is modeled as a disk of radius v̂n,max for each n = 6k±1,



Algorithm 1 Computation of OPPs Under Disturbances

Input: Desired number of switching angles d;

Modulation index grid, e.g., m = 0 : 1
64π : 4

π

1: for each harmonic n = 6k ± 1, k ∈ N1, do

2: Define the uncertainty set Ξ̂n according to the level

of disturbance knowledge

3: end for

4: for each m in the modulation index grid do

5: for each initial switch position u0 ∈ {−1, 1} do

6: Solve problem (16) multiple times using the

Matlab function fmincon with sequential

quadratic programming (SQP) algorithm, each

time with a different set of 2d+1 initial switching

angles generated via Halton sequences7

7: end for

8: return u∗

0 and the corresponding switching angles

α∗

H that yield the minimum ITDD

9: end for

k ∈ N1 (gray region in Fig. 5). However, to achieve robustness,

i.e., compliance under any possible disturbance scenario, it is

sufficient to focus only on the most challenging realizations in

the reduced set Ξ̂n. This set comprises realizations lying on

the circle of radius v̂n,max for each n (red points in Fig. 5).

Solving the OPP problem (16) over these new uncertainty sets

yields robust OPPs that facilitate grid-friendly operation under

completely unknown disturbance conditions.

It is noteworthy that the proposed OPP framework for-

mulated in (16) adapts to different levels of disturbance

knowledge through the definition of the uncertainty set Ξ̂n.

Specifically:

• For fully known disturbances, Ξ̂n reduces to a single

point corresponding to the nominal amplitude and phase.

• For bounded variations in a known disturbance profile,

Ξ̂n becomes an arc.

• For completely unknown disturbances, Ξ̂n forms a full

circle.

Finally, the complete procedure for computing the proposed

robust OPPs in the presence of PCC harmonic disturbances is

outlined in Algorithm 1.

IV. EXPERIMENTAL RESULTS

In this section, the proposed robust OPP framework is eval-

uated under varying levels of knowledge about harmonic dis-

turbances at the PCC, and benchmarked against conventional

QaHWS OPPs—computed with (9)—and SHE. More specif-

ically, three harmonic-constrained HWS OPP types are con-

sidered, namely (a) OPPs computed for a fully known distur-

bance profile via (15) (referred to as disturbance-aware (DA)

OPPs), (b) robust OPPs accounting for bounded variations

7The evaluations are executed in parallel on the Tampere Center for
Scientific Computing (TCSC) cluster by enabling the UseParallel option of
fmincon.
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Fig. 6: Experimental setup for a grid-connected converter with an LCL filter:
(A) grid emulator, (B) three-phase grid impedance, (C) isolation transformer,
(D) two-level converter, (E) LCL filter, (F) dSPACE SCALEXIO real-time
control system, and (G) dc sources.

in the disturbance profile (referred to as robust disturbance-

aware (RDA) OPPs), and (c) robust OPPs for completely un-

known disturbances (referred to as robust disturbance-agnostic

(RDAG) OPPs). All pulse patterns are computed for the LV

power electronic system illustrated in Fig. 1.

To validate the performance of these modulation methods,

the experimental setup depicted in Fig. 6 is used. It employs

a 11 kVA two-level converter built from Imperix PEB8038

power modules. The converter is supplied by stiff dc sources,

and connected to the grid through an LCL filter with a

resonance frequency of 912Hz, a 400V transformer providing

galvanic isolation, and an inductive load representing the grid

impedance. The grid itself is emulated using a Regatron re-

generative programmable bidirectional ac power source (model

TC.ACS30.528.4WR.S.LC). Since only a single grid emulator

is available, the parallel disturbance branch consisting of Ld,

Rd, and vd cannot be physically realized. Instead, disturbances

are directly injected via the grid emulator.8 The rated values

and system parameters of the experimental setup are summa-

rized in Tables I and II, respectively.

The offline-computed switching instants and corresponding

switch positions uabc of the considered PWM patterns are

stored in lookup tables (LUTs) in the processor of a dSPACE

SCALEXIO platform equipped with an Intel i7-6820EQ 2.8

GHz processor and a Xilinx Kintex-7 field-programmable gate

array (FPGA). A counter-based mechanism within the FPGA

regenerates the switching signals, which are then applied to

the converter at the specified time instants.

8To ensure that OPPs in the experimental setup affect the PCC current
and voltage in the same way as in the model of Fig. 1, they are computed
assuming Ld = Lg , both set to twice the grid inductance of the experimental
setup.



TABLE I: Rated values of the system

Parameter Symbol SI Value

Voltage VR 400 V

Current IR 16A

Angular grid frequency ωgR 2π50 rad/s

Short-circuit ratio ksc 12.22

TABLE II: System parameters

Grid Inductance Lg 5mH

Resistance Rg 100mΩ

LCL filter Converter-side inductance Lfc 6.4mH

Converter-side resistance Rfc 150mΩ

Capacitance C 10µF

Capacitor resistance Rc 1Ω

Grid-side inductance Lfg 5.8mH

Grid-side resistance Rfg 220mΩ

Converter Dc-link voltage Vdc 650V

The selected operating point corresponds to a modulation

index of m = 1.079, which lies within the typical operation

range of m ∈ [1, 1.1] for grid-connected converters. OPPs

with d = 10 are considered, resulting in a switching frequency

of fsw = 1050Hz, given the rated frequency specified in

Table I. For a fair comparison, all benchmarked modulation

schemes are designed to operate at the same switching fre-

quency. Accordingly, for SHE, all non-triplen odd harmonics

within n ∈ [5, 29] are eliminated.

To enable a quantitative assessment of compliance with

harmonic grid standards [1] and [2], and facilitate a fair

comparison across the considered modulation schemes, the

following current Im and voltage Vm metrics are introduced

Im =
1

2|N1|
∑

n=5,7,...,49

max
ξ
n
∈ Ξ̂n

(̂ipcc,a,n − în,max)

în,max

Vm =
1

2|N1|
∑

n=5,7,...,49

max
ξ
n
∈ Ξ̂n

(v̂pcc,a,n − v̂n,max)

v̂n,max
,

where lower values indicate better compliance. The factor

2|N1| = 16 corresponds to the number of non-triplen odd

harmonics over which constraints (16e) and (16f) are enforced

in the OPP problem (16). It is noteworthy that the proposed

OPP framework is not limited to specific grid standards;

alternative standards can be adopted simply by modifying the

harmonic limits în,max and v̂n,max.

In the sequel, the aforementioned PWM schemes are eval-

uated under different disturbance profiles.

A. LCI-Generated Disturbance Profile

To evaluate the performance of the considered PWM

schemes in a realistic scenario, a three-phase line-commutated

inverter (LCI) is assumed to be connected to the PCC. The LCI

generates the harmonic disturbances shown by the blue bars

in Fig. 7(a). Based on these disturbances, the DA OPPs are

designed for the nominal disturbance profile, while the RDA

OPPs account for ±25% variations in Ld and Rd. For this

scenario, the resulting three-phase PCC current and voltage
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(a) Disturbances generated by an LCI.
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(b) Disturbances with 50% of the maximum allowed amplitudes.

Fig. 7: Harmonic voltage disturbances at the PCC (%) (a) generated by an
LCI, (b) with 50% of the maximum allowed amplitudes. In (a), nominal
disturbances are shown with blue bars, while the minimum and maximum
disturbances resulting from ±25% variations in Ld and Rd are shown with
light and dark blue bars, respectively. Grid standard limits are indicated by
light gray bars.

waveforms over one fundamental period (in per unit, p.u.),

together with their harmonic spectra, are depicted in Figs. 8

and 9, respectively, for all benchmarked modulation methods.

Note that the 19th disturbance harmonic—i.e., the one near the

filter resonance frequency—is assumed to be attenuated by a

controller.

As can be seen from the time-domain PCC current wave-

form in Fig. 8(g) and the corresponding harmonic spectrum

in Fig. 9(g), the use of RDAG OPPs effectively mitigates the

impact of disturbances at the PCC, albeit at the cost of an

increased PCC current TDD. In Fig. 9, both numerical and

experimental results are presented to demonstrate the accuracy

of the experimental tests. Small discrepancies between the

numerical and experimental results can be observed, with the

most pronounced occurring at the 17th harmonic, i.e., at the

system resonance frequency when the grid impedance is con-

sidered. These discrepancies arise from mismatches between

the nominal and actual system parameters, non-idealities of the

experimental setup, and minor asymmetries within the system.

These asymmetries also produce low-order harmonics of small

amplitude, including triplen and even components.

As seen in Fig. 9, all harmonic-constrained HWS OPPs

ensure compliance with the current and voltage harmonic

limits, even though the disturbance profile is only partially

known for the RDA OPPs and completely unknown for

the RDAG OPPs. Consequently, the introduced performance

metrics yield Im = 0 and Vm = 0 for all HWS-based

OPPs. In contrast, both conventional OPPs and SHE lead to
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(d) PCC voltage for DA OPPs.
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(e) PCC current for RDA OPPs.
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(f) PCC voltage for RDA OPPs.
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(g) PCC current for RDAG OPPs.
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(h) PCC voltage for RDAG OPPs.
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(j) PCC voltage for SHE.

Fig. 8: Three-phase PCC current and voltage under harmonic voltage disturbances generated by an LCI.
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(a) Current spectrum for conventional OPPs; Im = 3.1.
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(b) Voltage spectrum for conventional OPPs; Vm = 12.2.
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(c) Current spectrum for DA OPPs; Im = 0.
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(d) Voltage spectrum for DA OPPs; Vm = 0.
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(e) Current spectrum for RDA OPPs; Im = 0.
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(f) Voltage spectrum for RDA OPPs; Vm = 0.
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(g) Current spectrum for RDAG OPPs; Im = 0.
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(h) Voltage spectrum for RDAG OPPs; Vm = 0.
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(i) Current spectrum for SHE; Im = 10.3.
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(j) Voltage spectrum for SHE; Vm = 22.3.

Fig. 9: Current and voltage harmonics at the PCC (in %) under harmonic voltage disturbances generated by an LCI. Grid standard limits are shown as light
gray bars, harmonics that comply with them appear in green, and harmonics that violate them in red. Experimental results are indicated by darker, thicker
bars, whereas numerical results are shown with lighter, thinner (hatched) bars.
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(a) Current spectrum for conventional OPPs; Im = 1.9.
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(b) Voltage spectrum for conventional OPPs; Vm = 10.8.
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(c) Current spectrum for DA OPPs; Im = 0.5.
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(d) Voltage spectrum for DA OPPs; Vm = 6.8.
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(e) Current spectrum for RDA OPPs; Im = 0.
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(f) Voltage spectrum for RDA OPPs; Vm = 0.
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(g) Current spectrum for RDAG OPPs; Im = 0.
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(h) Voltage spectrum for RDAG OPPs; Vm = 0.
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(i) Current spectrum for SHE; Im = 8.4.
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(j) Voltage spectrum for SHE; Vm = 24.

Fig. 10: Current and voltage harmonics at the PCC (in %) under bounded variations in an LCI-induced disturbance profile. Grid standard limits are shown
as light gray bars, harmonics that comply with them appear in green, and harmonics that violate them in red. Experimental results are indicated by darker,
thicker bars, whereas numerical results are shown with lighter, thinner (hatched) bars.
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(a) Current spectrum for conventional OPPs; Im = 0.2.
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(b) Voltage spectrum for conventional OPPs; Vm = 21.7.

Harmonic order n
0 10 20 30 40 50

0

1

2

3

4

5

(c) Current spectrum for DA OPPs; Im = 0.3.
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(d) Voltage spectrum for DA OPPs; Vm = 7.6.
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(e) Current spectrum for RDA OPPs; Im = 0.
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(f) Voltage spectrum for RDA OPPs; Vm = 4.3.
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(g) Current spectrum for RDAG OPPs; Im = 0.
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(h) Voltage spectrum for RDAG OPPs; Vm = 0.
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(i) Current spectrum for SHE; Im = 11.1.
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(j) Voltage spectrum for SHE; Vm = 18.2.

Fig. 11: Current and voltage harmonics at the PCC (in %) under harmonic voltage disturbances with 50% of the maximum allowed amplitudes. Grid standard
limits are shown as light gray bars, harmonics that comply with them appear in green, and harmonics that violate them in red. Experimental results are
indicated by darker, thicker bars, whereas numerical results are shown with lighter, thinner (hatched) bars.



multiple violations of harmonic standards, reflected in non-

zero metrics: Im = 3.1, Vm = 12.2 for the conventional

OPPs, and Im = 10.3, Vm = 22.3 for SHE. These violations

are particularly pronounced in the voltage spectra, where

harmonics injected by the converter are amplified by the LCI-

induced harmonics, resulting in high Vm values.

B. Bounded Variations in LCI-Generated Disturbance Profile

In the presence of bounded variations in the LCI-generated

disturbance profile (Fig. 7(a)), the harmonic performance of

the benchmarked PWM schemes is shown in Fig. 10. Under

such condition, conventional OPPs, SHE, and even DA OPPs

(designed for a specific disturbance profile) fail to guarantee

full compliance with harmonic grid standards, as indicated by

the nonzero values of the compliance metrics Im and Vm.

Nevertheless, DA OPPs still outperform both conventional

OPPs and SHE. In contrast, the proposed robust OPPs—

both RDA and RDAG variants—that explicitly account for

uncertainties in the disturbance amplitudes and phases achieve

full compliance, yielding Im = 0 and Vm = 0. These results

confirm that merely accounting for disturbances in the OPP

formulation is not sufficient, and robustness must also be

incorporated into the optimization procedure to guarantee

compliance under uncertainties.

C. Disturbances with 50% Maximum Allowed Amplitudes

Finally, the evaluation is extended to the case where distur-

bance harmonics have amplitudes equal to 50% of the limits

dictated by [2] (see Fig. 7(b)).9 As shown in Fig. 11, con-

ventional OPPs, SHE, and DA OPPs all lead to violations of

the current and voltage harmonic limits. In addition, although

RDA OPPs, which are designed to achieve robustness against

variations in the LCI-generated disturbance profile, exhibit su-

perior compliance, certain PCC voltage harmonics still exceed

their limits, as also indicated by the nonzero Vm = 4.3. This

occurs as the disturbance profile in Fig. 7(b) lies outside the

variation range considered during the RDA OPP computation.

In contrast, OPPs designed under the assumption of completely

unknown disturbances (i.e., RDAG OPPs) ensure full compli-

ance with the harmonic grid standards.

In summary, RDA and RDAG OPPs with embedded robust-

ness outperform conventional programmed PWM schemes,

providing improved compliance with harmonic grid standards

in the presence of disturbance harmonics at the PCC. However,

achieving full compliance when no prior disturbance informa-

tion is available requires defining sufficiently large uncertainty

sets, as discussed in Section III-D.

9When RDAG OPPs are computed for the most challenging scenario—i.e.,
all disturbance harmonics at the maximum amplitudes specified by [2]—it
becomes physically impossible to keep all PCC current and voltage harmonics
within their respective limits. For the system parameters in Table II, full
compliance with both current and voltage harmonic standards under unknown
disturbances can only be guaranteed if the disturbance voltage harmonics
are restricted to 50% of the maximum allowable amplitudes (see Fig. 7(b)).
This limitation arises because, particularly at low harmonic frequencies,
mitigating large disturbance voltages requires the converter to inject harmonic
voltages that generate current harmonics in phase with the disturbance-induced
current harmonics (see Fig. 3). Consequently, these current components add
constructively, making it impossible to simultaneously satisfy both PCC
voltage and current harmonic limits.
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Fig. 12: Primary switching angles (in degrees) of RDAG OPPs for d = 10
and m = 1.079 as a function of the grid inductance Lg varying from 3 to
40mH, corresponding to an SCR range of 20.3–1.5.

V. DISCUSSION

Although the proposed robust OPPs facilitate compliance

with harmonic grid standards under the assumed bounded

disturbances, their emphasis on robustness inevitably leads to

higher current and voltage TDDs compared with conventional

OPPs computed without considering disturbances. This stems

from the conservative nature of the robust design. For example,

when disturbance phases are unknown, the optimization frame-

work must consider the full range [−π, π). Consequently, the

phases of the OPP harmonics cannot be selectively adjusted

to mitigate specific disturbances, reducing the degrees of

freedom available. Additionally, because the converter must

inject harmonics in a way that ensures compliance under

the most challenging disturbance amplitudes, robust OPPs

typically exhibit higher TDDs than DA OPPs under less

demanding operating scenarios.

To achieve near-optimal performance across a broad range

of scenarios, one option is to precompute multiple disturbance-

aware OPPs tailored to different disturbance profiles. However,

storing all such patterns in LUTs imposes significant memory

requirements, which may hinder practical implementation.

This limitation makes adaptive strategies attractive, e.g., real-

time OPP generation using learning-based methods may be

an alternative for dynamically computing OPPs under distur-

bances.

Moreover, it is worth mentioning that the computed RDAG

OPPs exhibit only limited sensitivity to variations in grid

strength, characterized by the short-circuit ratio (SCR). This

behavior is illustrated in Fig. 12, which shows that the primary

switching angles vary only mildly over a wide SCR range.

Consequently, a small set of RDAG OPPs precomputed for

representative SCR values and stored in LUTs is sufficient to

ensure robust performance across a wide range of practical

grid conditions.

VI. CONCLUSIONS

This paper presented an offline PWM framework for com-

puting two-level OPPs for grid-connected converters with



an LCL filter, explicitly addressing harmonic disturbances

caused by other converters connected to the same PCC. To

capture the effect of such disturbances, a harmonic-domain

system model was first developed. Building on this model,

a robust harmonic-constrained OPP framework was proposed

to guarantee compliance with harmonic grid standards even

when there are bounded variations in the disturbance profile.

The framework was further extended to handle the challenging

case of completely unknown disturbances by considering the

maximum allowable disturbance amplitudes and all possible

phases. To provide more degrees of freedom for such a com-

plicated design, HWS—rather than QaHWS—was imposed

on the switching signals. The effectiveness of the proposed

framework was validated through both numerical results and

experimental tests. The findings demonstrate that the RDAG

OPPs guarantee compliance with harmonic grid standards for

PCC disturbances with amplitudes up to 50% of the maximum

allowed limits. Compared with SHE, conventional OPPs, and

even DA OPPs designed for a deterministic disturbance profile,

the proposed robust OPPs achieve superior harmonic perfor-

mance by ensuring compliance in the presence of uncertain

harmonic disturbances at the PCC.

APPENDIX

Given (12), the amplitude of the nth PCC current harmonic

can be written as

îpcc,a,n =
(
(f1,n + f2,n)

2 + (f3,n + f4,n)
2 )1/2, (17)

where f1,n = anQ1,n+bnQ2,n and f3,n = −anQ2,n+bnQ1,n

depend on the OPP switching angles, while f2,n = ãnQ3,n +
b̃nQ4,n and f4,n = −ãnQ4,n+ b̃nQ3,n depend linearly on the

disturbance coefficients (ãn, b̃n), which form either an annular

uncertainty sector or an uncertainty disk for each harmonic n
(see Figs. 4 and 5, respectively).

Since îpcc,a,n is the Euclidean norm of a two-dimensional

affine mapping of (ãn, b̃n), it is a convex function of the

disturbance coefficients. Therefore, it attains its maximum

at the boundary of the uncertainty set, i.e., at the largest

admissible disturbance radius.

Since the same reasoning applies to the PCC voltage

harmonics in (13), it can be deduced that disturbances with

smaller amplitudes cannot yield larger PCC current or voltage

harmonics. Hence, this justifies why robust OPPs only need

to consider the disturbances with maximum amplitude.
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