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Abstract

Grid-tied inverters serve as key equipment to guarantee the reliable operation of modern power systems dominated by renewable
energy sources. Under asymmetric grid conditions, injecting negative-sequence current is a widely adopted control strategy for
three-level grid-connected inverters to suppress grid voltage unbalance. However, this paper discovers an unreported
phenomenon that obvious 50 Hz fluctuations arise in the half DC-bus voltage of three-level inverters during negative-sequence
current injection. To clarify the generation mechanism of this voltage fluctuation, Fourier series decomposition is employed to
analyze the coupling relationship between sequence components of voltage and current. The theoretical analysis demonstrates
that the interaction between negative-sequence voltage and negative-sequence current constitutes the primary cause of the 50 Hz
oscillation on the half DC-link voltage. Based on the revealed mechanism, the allowable safe operating range of the half DC-bus
voltage is deduced quantitatively. Finally, simulation tests are carried out in the MATLAB/Simulink environment. The obtained
results verify the correctness of the theoretical derivation and the proposed operating range constraint. This work provides a
theoretical reference for parameter design and stable operation of three-level grid-tied inverters under unbalanced grid faults.
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1. Introduction

Three-level grid-connected inverters are widely used in

practice due to their reduced voltage stress and simpler control.

Excessively high or low DC-side half-bus voltage can trigger
overvoltage protection or overmodulation, respectively.
Therefore, achieving a stable half-bus voltage is essential for
optimal system performance. Recent literature has explored
the mechanisms and methods for reducing positive and nega-
tive half-bus bias voltages [1-8], while also investigating the

sources of 150Hz fluctuations in half-bus voltage [9-15]. No-
tably, this paper reveals that under certain operating condi-
tions, such as under asymmetric voltage faults, there is a sig-
nificant 50Hz fluctuation in the half-bus voltage, as shown in
Figure 1. This phenomenon has not been observed in previous
analyses. By thoroughly examining the sources of these 50Hz
fluctuations, this paper offers a strategic approach to selecting
the operating range of the half-bus voltage.
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Figure 1. Half-bus voltage waveform of three-level inverters when
inverters start to output negative-sequence current from 2s.

2. Analysis of SO0Hz Current at the
Midpoint of the Dc-link Capacitor

1) Mechanism Analysis
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Figure 2. System diagram of the inverters with dc-link capacitor.

As can be seen from Figure 2, the relationship between the
current flowing into the midpoint and the midpoint voltage is:

il _ C d(Vdc/ 2—V0)

dt
(1)
i2 _ C d(—Vdc/Z—Vo)
dt
2)
inp = —i1—i2 = 2C dVe

dt

where C is the half-bus capacitor value.
Therefore, the variation of the DC-link midpoint voltage
can be expressed as:

1.
AVo=—— [ inecit 3)

inp represents the sum of phase currents when the switch state
is 0 [9]. When considering low-frequency components, the
half-bus current iyp(t) at any given moment satisfies [9]:

inp = (1—|Va(t)|)ia(t) + (l—|Vb(t)|)ib(l) +(@- |Vc(l)|)ic(l) 4)

where, va(t), vo(t), ve(t), ia(t), in(t) and ic(t) represent the
modulated wave voltages and output current of phase a, phase
b, and phase c, respectively.

Under asymmetric operating conditions, for the three-phase
three-line system, the point of common coupling (PCC) volt-
age often contains positive, negative, and zero-sequence com-
ponents. Output current contains positive and negative-se-
quence components. Therefore, (4) can be simplified as fol-
lows:

inp() = —|Vao| fay — [Voro| ib —[Veco| icco 5)

The three-phase inverter voltages are respectively:

v, (t) =U, sin(et) +U, sin(et + ) +U, sin(at + S)

v, (t) =U, sin(ot 72?”)+U2 sin(wt+oz+2?”)+u0 sin(wt + f)

v, (t) = Ulsin(a)tJrz?”)JrU2 sin(ot + o —2?7t)+u[J sin(wt + )

The output currents are respectively:

I, () =1 sin(wt+ @)+ 1, sin(ot + @,)

I,(t) =1, sin(at+ ¢, —2?”)+ I, sin(wt + @, +2?”) @)

. 2 . 2
1,(t) = 1, sin(et + @, +?”) +1, sin(t + @, —?”)
The core of formula (5) lies in deriving the expression |Va | ,

|Vb| and |VC| . Taking |Vb| as an example, the derivation is

as shown in Equation(A-1) of the Appendix. Where the ex-
pression of phase yy is

(6)
.2 . 2r .

Ulsln(—?) +U, sm(a+?) +U,sin(p)
7, = arctan > > ®)

U, cos(—?”) +U, cos(a + ?”) +U, cos(5)

Assume,
[ 2z 2 T
U, cos(——) +U, cos(a +—) +U, cos(p)

A= )

[U sm(— )+U sm(a+—)+U sm(ﬁ)}
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Equation(A-1) can be simplified as This article primarily analyzes the sources of 50Hz fluctu-
ations, thus emphasizing the analysis of direct current (DC),
v, (t) = A, sin(ot +7,) (10)  fundamental frequency, and second-harmonic components,
while temporarily disregarding the impact of other compo-
nents.

According to Fourier series, |Vb| can be expressed as: ] ) )
The coefficient of the DC component ao in (12) is:

v, ()] = &y, + Zn: a,, cos(nat) +b,, sin(nat) (11)
1

w
ay, :EJ._%” |A, sin(et + )| dt

'y 277y
zzﬁ [ Asin(t+y,)dt+ [, @ —Alsin(a)t+yb)dt}
1 L7

A =7 Yo
——2| cos(w +7,)—Cos(—w 2+
o ( P 7) ( o 7) (12)
2 — _
27 | A cos(@ 220 1y, )~ cos(w 2L +;/b)}
® @ )
_ @ |2”  2A
2r | w
_2A
z
The cosine-term coefficient of the fundamental component
ayp is derived as W 2= _
a,, = —j 2 | A sin(et +7,)|cos(2et)dt
@ 27y ] a a@
8y, = ;I A |Asin(at +7, )| cos(at)dt J 2 A sin(ot +, )cos(2at)dt
- 1) _/b
= =—{ %, (15).
o [ Asin(@t+y,)cos(at)dt (13) T |+[e2 A sin(@t +y,)cos2amt)dt
=21, "o
b . 4
7 +J',,7;; —A sin(et + 7, )cos(wt)dt - _3_'%005(2“)
o V4

2]

=0
The sine-term coefficient of the second-harmonic compo-
The sine-term coefficient of the fundamental component by, nent by, is derived as
is derived as

27y
by, = <[ 7 | A sin(at + 3, )|sin(2at)dt

277y
w—> . .
by, == [ A sin(et+y,)|sin(@t)dt i
o _ " jl A, sin(et + ¥, )sin(2et)dt
. [ Asin(@t+y,)sin(et)dt (14) =20, (16)
=—1 %, T |+[.e —Asin(et+y, )sinot)dt
Vil . . zr
+_[,[7;’b —A, sin(at + y, )sin(wt)dt 4A ®
o =—Dgin(2
-0 Y 27,)
The cosine-term coefficient of the second-harmonic com- 2) Derivation of the output current from the midpoint of the
ponent ay; is derived as de-link capacitor
The absolute values of the three-phase inverter voltage are
respectively:

v, (t)| = a,, +a,, cos(2at) +b,, sin(2wt)
v, (t)| = a,, +a,, cos(2wt) +b,, sin(2wt) (17)
v, (t)| = a,, + a,, cos(2mt) + b, sin(2awt)
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Thus (18)~(20) can obtained. The derivation of Equation (18) is given in Eq. (A-2) of the
Appendix.

=[v. ®[1.(0)

= 2—Aa[l1 sin(wt + @) + 1, sin(ot + goz)]+
T

) (18)
%[I1 sin(wt+2y, — @) +1,sin(ot +2y, - 9,)]

M, = ‘Vb(t)‘ Ib(t)

=27A’[Ilsin(wt+(pl—§7r)+ 1, sin(wt + @, +§7r)} (19)
+ﬂ{llsiﬂ(w’[+2}/b - +g7[)+ I, sin(at+ 2y, — o, —gﬂ'):|
kY4 3 3
M, = v, (®)[1.(®)
22%{|1Sin(wt+¢l+§ﬂ)+ 1, sin(et + @, 7§ﬂ)j| (20)
+ﬂ[llsiﬂ(a)t+27C - —gﬂ')+ I,sin(wt+2y, -, +g7r)}
R4 3 3
The summarized result of M is given by Eq. (A-3) in the  where:
Appendix.
2;l"he 50Hz component in the half-bus voltage is shown as A = U, +U, cos(ar) +U, cos( ﬁ)]
@b. +[U, sin(a) +U, sm(ﬂ)] 22)
1 Z+U2 +U¢ +2U.U, cos(a)
AVosow= = - [ Mt +2U,U, cos(3) + 20,0, cos(e — )
A, cos(at +¢,) . = arctan U, sin(a) +U, sin(5) 23)
1 2 U, +U, cos(a) +U, cos(f)
=——4+Al, cos(wt + ¢, —=7)
Cro 3
2 2
+A1, cos(at + ¢, +§7f) [U cos( )+U cos(a——)+U cos(ﬁ)}
A= 2
+| U, sin +U, sin(a ——) +U,sin
A1, cos(et +¢,) { ez ) (a ) (ﬁ)} o8
+CL +Allzcos(a)t+go2+§7z) U12+U22+U§+2U1U2005(0!+?)
p70) =
2 2
+2U,U, cos(ar —— - )+ 2U,U, cos(f ——
+&Izcos(mt+¢l+§ﬁ) Q1) Mo cos(a === f) + 20Uy cos(5 =)
Al cos(at+2y, —¢,) U sm( )+U sin(a — )+U sin(f)
1 2 ¥, = arctan 23 (25)
* e +A 1, cos(wt +2y, — ¢ +§7f) U, cos(== )+U cos(a——)+U cos(3)
2
+Al cos(at+2y, —p,——7
Alycos(@t+2y; —p == 7) oA, oA
Qg == 18 = (26)
T T
A l, cos(at+2y, —@,)
et +A]I2cos(a)t+27b—¢)2—g7z) a4, =0, =0 ,8,=b,=0 27
3Crw 3
2
+A 1, cos(wt+2y, — ¢, +§7T) a, = —t—&cos(Zyc) ,a, = —A;)—Aacos(Zya) (28)
T T
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b,y = 26in2y,) | b, = 2Xsin@y)  (29)
3z 3

a c

3. Influencing Factors of SOHz
Fluctuation

Under the balanced PCC voltage, i.e., U, =U, =0, canbe

simplified as:

AVo_soHz= 1 [U1 I, cos(wt — (/72)] (30)
Crw

According to Eq.(30), the magnitude of the S0Hz half-bus
voltage oscillation is directly proportional to the product of the
positive-sequence voltage and the negative-sequence current,
while being inversely proportional to the capacitance value on
the DC side. Therefore, reducing the negative-sequence cur-
rent or increasing the DC-link capacitor value can both help
reduce oscillation of the DC-link midpoint voltage.

Under asymmetric PCC voltage conditions, apart from the
negative-sequence component in the output current, the volt-
age also contains the negative-sequence component. Both of
these will affect the amplitude of the half-bus voltage fluctua-
tion. A detailed analysis will be presented throughout the full

Appendix

text.
Abbreviations
PCC  Point of Common Coupling
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v, (t) =U, sin(wt —2?”)+Uzsin(a)t+a +2?”) +U, sin(at + 5)

=U, sin(wt) cos(—z?”) +U, cos(mt)sin(— 2?”) +U, sin(at) cos(a + 2?”)

+U cos(azt)sin(a+2—”)+u sin(at) cos(S) +U, cos(wt)sin( )

(A-1)
[U cos(— )+U cos(a+—)+U cos(ﬂ)—‘sm(wt){u sm(——)+U sm(a+—)+U sm(ﬂ)}cos(a)t)
=\/[Ulcos(—?ﬂuzcos(a+?)+U0cos(ﬂ)} +[Ulsin(—?)+uzsin(a+?)+Uosin(ﬁ)} -sin(wt +,)
M, =|v. @)1, ()
=@y, + @y, Cos(2wt) +b,, sin2at)]-[1, sin(et + @) + 1, sin(wt + ¢,) |
{ZA*‘ A‘“‘cos(Zya)cos(2a)t)+—A"sm(2ya)sm(2a)t)}[ LSin(ot+ @) + 1, sin(wt +@,) |
V4
{ZA“ 3Aﬂ cos(2wt+27a)][llsin(a)t+go1)+ I,sin(wt+9,)]
V4
2A, 4A, (A-2)

=—=[l,sin(wt+ @) + 1, sin(et +¢2)]—3—cos(2a)t +2y,)[ 1 sin(wt +¢,) + 1, sin(wt + @,) ]
v VA

=ﬂ[llsin(a)t+(pl)+ 1, sin(a)t+(02)]
7

—3—A'“‘[EI Sln(Sa)t+2}/a+gol)+ I, sin(-t — 27a+g01)+ | sm(3wt+2ya+go2)+ I, sin(-at - 2ya+(p2)}

2

. . 2
I, sin(at +¢,) + 1, sin(et Jrgoz)]Jr3—Aa
T

[1,sin(et +25, — @) + 1, sin(wt + 27, —@,)]
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M =M, +M,+M,

:Z—A‘[Ilsin(wt+¢1) + 1, sin(wt Jr(pz)]ﬁti—A*‘[Ilsin(a)tJrZya —@)+ l,sin(wt+2y, 7(/)2)]
T T

2A,

+—{Ilsin(wt+(p1 —Eﬂ')+ 1, sin(wt + @, +37r)}
n 3 3

+ﬂ[|lsin(a)t+(p1 +§7r)+ 1, sin(at + ¢, —%n)}
T

:5{&Ilsin(wt+%)+ Al sin(ot + ¢, —%n)+ AL sin(ot + g, +§,,)}

27,

+7
3z

2A

+7
kY4

{Ilsirl(a)tJrZ;/b - +§ﬂ')+ 1, sin(wt + 2y, — o, —Eﬂ'):|

3

[Ilsin(a)t+2;/c - —%7[)+ 1, sin(wt+2y, — o, +§7r)}

(A-3)

Jrg[Aal2 sin(wt +@,) + A l, sin(ot + @, +§7r)+ Al,sin(ot + ¢, +§7r)}
7

+3£{P~allsin(a)t+2ya @)+ Al sin(ot+2y, - ¢ +%n)+ Al sin(at+2y, -, _E”)J
T

3

+3A{Aal2 sin(ot +2y, —@,) + Al,sin(ot + 2y, -, —gn)+ AL, sin(ot +2y, — @, +§,,)}
T
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