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Abstract: In order to solve the neutral-point voltage unbalancing problem for neutral-point clamped
(NPC) three-level inverters under non-ideal grid conditions, a novel zero-sequence component
injection method for modulation signals was proposed in this paper. Based on the mathematical
expressions of neutral-point voltage unbalancing, the fluctuation of the neutral-point voltage
under different grid conditions was studied. The proposed method dynamically calculates the
zero-sequence component for modulation signals by region selections based on sinusoidal pulse
width modulation (DCR-SPWM). Under non-ideal grid conditions, this DCR-SPWM method can
control the neutral-point voltage balance for NPC three-level inverters with different grid and
output power conditions, and improves the grid current quality. The simulation results verified the
correctness of the theoretical analysis in this paper, and the feasibility and effectiveness of this method
were verified by the experiments in the experimental platform of the NPC three-level grid-connected
inverter based on DSP-CPLD controllers.

Keywords: non-ideal grid; three-level inverters; neutral-point voltage balance; modulation signals;
region selection

1. Introduction

The neutral-point clamped (NPC) three-level inverter has been widely used in medium or high
voltage and high power conversions, especially as a dc/ac converter for a photovoltaic (PV) power
generation system [1,2], which influences the safety and stability of the PV system for grid connection.
Compared with two level inverters, the NPC three-level inverter has lower voltage stress on power
devices, lower electromagnetic noise, and lower total harmonic distortion (THD) [3,4], which is shown
in Figure 1.

In the NPC three-level inverter circuit, two capacitors for the dc bus are used in series to clamp
the neutral-point (NP) potential. Ideally, the voltage of the two capacitors are both half of the dc
bus voltage. However, due to the capacitance parameter error, the inconsistent characteristics of the
switching devices, the unbalancing of three phase operation, etc. [5], the NP voltage unbalancing
problem appears, which will increase the voltage stress on switching devices [6,7], and lead low-order
harmonic currents into the grid [8]. Therefore, the NP voltage balance has been the research emphasis
of three-level inverters.
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Figure 1. Main circuit of the NPC three-level grid-connected inverter.

Most of the research has focused on the NP voltage unbalancing problem under symmetrical load
or ideal grid conditions. Based on space vector pulse width modulation (SVPWM), ref. [9] proposed a
control strategy that replaced the small switching states with other switching states. Using sinusoidal
pulse width modulation (SPWM), ref. [10] proposed a closed-loop space vector modulation using
converter redundant switching states combined to the controller to balance the neutral point, and
the dc link had very low voltage ripples due to lower harmonic components flowing through those
capacitors via the harmonic current. In [11], a proportional integral (PI) controller was used to modify
the reference current to maintain the NP voltage balance. NP balance methods based on zero-sequence
component injection were proposed in [12,13], which calculated the zero-sequence component in the
switching period. Based on the average NP voltage model in a line cycle, the PI controllers were
proposed for the NP voltage balance in some papers, and the PI parameters for the controllers were
usually selected for the maximum output power condition [14,15].

However, due to the nonlinear loads and transient grid faults, the three phase grid can become
unbalanced and distorted [16-18]. Under the non-ideal conditions described above, the NP voltage
module is different from that under ideal grid conditions, and the NP voltage unbalancing problem
leads more low order harmonic currents into the grid [19,20], which significantly deteriorates the
performance of the inverter. Therefore, as NP voltage balance methods designed under ideal grid
conditions are not suitable for non-ideal grid conditions, it is important to research balancing the
NP voltage under non-ideal grid conditions. Recently, some studies have focused on this problem.
In [21,22], the redundant switching state was dictated based on the voltage feedback from the dc
link to balance the NP voltage, which can balance the NP voltage under various load conditions
with fast response and good dynamic performance. In [23,24], the expressions of NP voltage under
unbalanced grid conditions were derived, and the relationship between the ripple of NP voltage and
the unbalanced grid was studied. The authors in [20] analyzed the form and spectrums of NP voltage
under low-voltage ride-through (LVRT) conditions, and proposed an optimized SVPWM method to
control the NP voltage balance. In [25,26], the dc/dc converter was added to balance the NP voltage
and suppress the common mode voltage under unbalanced grid conditions.

The objective of this paper was to propose a new method to control the NP voltage balance
under non-ideal grid conditions. This method dynamically calculates the zero-sequence component
for modulation signals by region selections based on SPWM (DCR-SPWM). Section 2 studies the NP
voltage under different grid conditions and presents the expressions of NP voltage under non-ideal
grid conditions. In Section 3, the DCR-SPWM method for non-ideal grid is proposed. Based on the
mathematical expressions of NP voltage, the modulation signals are divided in different regions, and
the expressions of zero-sequence component are derived, which is added to the modulation signals.
Section 4 analyzes the NP voltage ripple and the harmonic performance of the grid currents with the
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DCR-SPWM method and compared it with the traditional SPWM method under different grid and
output power conditions. Section 5 presents the simulated and experimental results of the proposed
DCR-SPWM method and the method in [14] under different grid and output power conditions. The
analysis and experiments showed that the DCR-SPWM method could control the NP voltage balance
for NPC three-level inverters under non-ideal grid conditions, and improved the grid current quality.

2. Mathematical Analysis of the Neutral-Point Voltage under Non-Ideal Grid Conditions

In Figure 1, v¢; is the voltage of capacitor Cy, v¢; is the voltage of capacitor Cy, and V. is the dc
bus voltage. Supposing that v.1 and v.; are equal, each phase leg of the NPC three-level inverter can
output three levels (V;./2, —V;./2, 0), and the “P”, “N”, and “0” states represent V;./2, —V;./2, and
0, respectively.

In this paper, the SPWM method uses the single polar SPWM strategy, which is shown in Figure 2
where 1, is the modulation signal of phase x (x = 4, b, c) and vy is the leg voltage of phase x (x =4, b, ¢).
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Figure 2. Single polar SPWM method for NPC three-level inverters.

The NP current i, can be defined as the average current in a switching cycle, which flows out
from the neutral point O in Figure 1, it can be expressed as:

ip = Z deix (1)

x=a,b,c

where dyy and i, represent the duty cycle of “0” state and the three phase grid current, dy¢ can be
derived as:
daO =1- ”a_ref
dyo =1 — |Up_ref 2)
ch =1- uc_ref
where ug_yf, Up_ref, Ue_rer are three phase modulation signals. By substituting Equation (2) into

Equation (1), i, can be derived as:
h=—Y

x=a,b,c

ux_ref ix (3)

Defining v, as the difference between v.1 and v, in Figure 1, v, is expressed as:

Uc = 0c1 — 02 (4)
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Meanwhile, the NP voltage v, can be expressed as:

0. = % / idt 5)

where C is the capacitance of C; and C,.
Substituting Equation (3) into Equation (5), v, can be derived as:

1
Lx

x=a,b,c

U =

iy)dt ©)

Uy re f

Under the non-ideal grid condition, according to the symmetrical components method, three
phase unbalance components are composed with symmetrical positive/negative/zero-sequence
components. As the zero-sequence component can be neglected in the Three-phase Three-wire inverter
system, therefore, the modulation signals can be expressed as:

Ug ref = Uap ref + Ugn_ref
Up_ref = Ubp_ref + Upn_ref 7)
Uc ref = Ucp_ref + Uen_ref

where gy yef, Upy_refs Uep_ref Tepresent the positive-sequence components of three phase modulation
signals and Uy _ref, Upn_ref, Ucn_ref TEPTEsent the negative-sequence components of three phase
modulation signals.

Commonly, to describe the proportion of negative-sequence component to the positive-sequence
component for the non-ideal grid, the unbalance factor A is introduced here [27]:

_An

A
Ap

®)

where A, and A, represent the amplitudes of positive and negative sequence components, respectively.
Supposing that the voltage of the filter inductor is ignored, the positive-sequence and

negative-sequence components of three phase modulation signals can be expressed as:

_ 2Emp .
Uap_ref = .- sin(wt + @up)

m

Emp .
Upp_ref = ZVdC” sin(wt + @up — 271/3) 9

2Em, .
ucp_ref = WCP Sln((&)t + gDup + 27T/3)

2E,

Ugn_ref = A Vi

2 sin(wt + Qun)

c

Upn_ref = AL SIn(@E + Pun +277/3) (10)

2Emp .
Uen_ref = A, Esin(wt + @un — 271/3)

c

In Equations (9) and (10), E;; represents the amplitude of the positive-sequence grid voltages;
w is the line angle frequency; and ¢,, and ¢, represent the phase angle of positive-sequence
and negative-sequence modulation signals, respectively, which also represent the phase angle of
positive-sequence and negative-sequence grid voltages, respectively.
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Under non-ideal grid conditions, unbalance grid voltages cause a double line frequency ripple at

the output power of the inverter [28]. If the control target of the grid side is suppressing the ripple
component at active power, the three phase grid currents can be expressed as:

Ipg = iap + ian
ip = pp + 1py (11)
ic = icp +icn
where igp, ibp, icp represent the positive-sequence components of three phase grid currents and 4y, ipy,,
icn represent the negative-sequence components of three phase grid currents.
In Equation (11), the positive-sequence and negative-sequence components of three phase grid
currents are as follows:
iﬂp = Imp Sin(Wt + Qup — %i)

ivp = Imp sin(wt + Qup — @ui —27/3)

(12)
icp = Imp sin(wt + Qup — @i +27/3)
fan = — ALy sin(wt + Pun — Pyi)
ipy = —Alyp sin(wt + Qup — @i +271/3) (13)

In Equations (12) and (13), Iy represents the amplitude of the positive-sequence grid currents, and

@,; is the phase difference between positive-sequence grid voltage and positive-sequence grid current.
Substituting Equations (7) and (11) into Equation (6), v, can be derived as:

1

Ve =G [y

x=a,b,c

Uyxp_ref + Uxn_ref (ixp + ixn)}dt (14)

By substituting Equations (9), (10), (12), and (13) into Equation (14), the waveforms of v. under
different grid conditions are shown in Figure 3, where C and I;;y are normalized.

1
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Figure 3. The waveforms of v, under different grid conditions.

Under ideal grid condition (A = 0) in Figure 3, it can be seen that v, fluctuates at three times the
line frequency. Under non-ideal grid conditions, when A = 0.1, the fluctuating frequency of v, changes
to the line frequency, and the ripple of v, is also larger than that under ideal grid conditions.
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3. Proposed NP Voltage Balance Method under Non-Ideal Grid Conditions

In Section 2, from Equation (14), it can be seen that the fluctuation of NP voltage is caused by the
NP current i,. Therefore, by adding the appropriate zero-sequence component into the modulation
signals, i, can be controlled, then the NP voltage balance can be achieved.

3.1. Analysis of Zero-Sequence Component for Modulation Signals

Defining ug as the zero-sequence component, which is added to the modulation signals, three
phase modulation signals can be expressed as:

!/
uu_ref = uﬂp_ref =+ utm_ref + up

uiwiref = Upp_ref + Ubn_ref + Uo (15)
”;f,ef = Ucp_ref + Uen_ref +ug

By substituting Equations (11) and (15) into Equation (3), the expression of i, is derived as:

ip = — Z Huxp_rgf + uxn_rgf + uo‘ (ixp + ixn)} (16)

x=a,b,c

Defining ¢"ua0, ¢ uvo, ¢'uco as the positively sloped zero-crossing points s of u'y_yef, U'y_ref, U'c_refs
respectively. Aiming at eliminating the ripple of NP voltage, i, is controlled to be zero in Equation (16),
when ¢’,40 > 0, ug can be expressed as:

(uap,ref+uan,r€f) (iap+lan) (ubn 7ef+ubn ref) (ihp‘Hlbn)+(“cp,ref+ucnjef) (iCP‘HC”) / /
_ < _
(th‘Han) (lbp+lbn)+(icp+i5n) ! (Puao - wh < (puc(J Tt
_ (l’ap_r€f+l’av1_rcf) (iﬂp+lﬂn) (ubp Vef+uhn nf) (llip+ihn)7(ucp_ref+“cn_ref) (icﬁ+icn) _ ’
(lap"rlan) (lbn+1hﬂ) (icp+i0n) ! (Puc() & S wt < qo”bo
(”upfref""”un?ref) (iap""lan) (uhp ref T b ref)(7bp+ibn)_(”cpjef*'ucnjef)(fCP'HlCVl) / /
- (fap+ian )+ (ivp+ipn ) — (icp+icn) T T
o = _(”npjef"’”nnjef)(lap‘H/zn) (”bp mf'H’lbn ref)(ibp+ibrt)_(ucpfref""“mfref)(icp""icn) / + 7 < wt < / (17)
(lan"rlml) (7bp+7bv1)_(icp+icn) » Puao - Puco
7(”upjff+”unjff) (lnp+1mx) (”bp »ef+“bn ref) (ibp+ibrz)+(ucpjef+ucniref) (ifp+icn) / /
(lap"rlan) (lbp+7bn)+(fcp+icn) ! (PucO S wi < (Pubo T
7(“ap,rﬁf+uan,rcf) (lﬂp‘HM) (uhp V@f+l‘h71,ref) (ibp+ibn)+(”cpjr’f+ucnjef) (iEP‘HCH) q):lb() + T S wt < 27-[
(1ap+lun) (ibp+ibn)+(icp+ifn) ’ 0 <wt < 4’{4110

When ¢",40 <0, 1p can be expressed as:

/
(s regtan seg) Ciaptian) = (. veg+ttm ser) Ciny i)+ (tep regHiten reg ) (iopticn)  Puao T 270 < Wb <27
Ciaptian ) —(iop+ipn )+ (iepHien ) " 0<wt<gl -7
(”up,ref“"uan,ﬂf) (iﬂy+iﬂ?l) (“bp Vef+“hn uf) (ibp+il7n)*(“cy,ref+”cn,ref) (icp+icn) / /
— P, TSwt< @
(lnp+1an) (lbp+lbn) (lcp‘ch) 7 Fucd - ub0
(uap ref ttan vaf) (inp""ﬂll) (”bp ref Htpn_ ref)(lbp'Hlm) (”cp ref e YL’f)(iC}”+iC'l) ’ ’
— = = = = <
o — (iap+ian )+ (ip+ipn ) — (icp+icn) r Pupo SWES @yt T (18)
7(“ap n’f+“an rff)(iﬂp+lﬂil) (ubp 7ef+ubn rff)(lbp+ib11)7(L‘cp refJ"”cn yef) (i5p+ic71) / /
= = = = = = <
7(l‘ap+l'm1)+(l'bp+ihn)7(i6p+ic;1) + Pua0 trswh< Puco
- (“np,n’f+”nn,ref) (iﬂp+iﬂn)+(“hp,ref+ubn,n’f) (ibp+ihn)+(“cp,ref+”cn,ref) (in‘p“"ifﬂ)
7(iap+ian)+(ihﬁ+ibn)+(ifﬁ+icn) ’ q)uCO wh< q)ub() A
- (“apjef"’”anjcf) (iﬂ}7+im1)_ (ubp77?f+ubn7Y£f) (ibp+ibn)+(uc;ljuf+ucnjcf) (icp+icn) / /
—(iap-Fian) —iop-+ipn )+ (icp Ficn )  Puo + IS WES Quo + 27
The positively sloped zero-crossing points ¢’,40, ¢ up0, ¢ uco can be expressed as:
1 . C B
S 5 arcsin(——=—) — arctan(——) (19)

\/A2 + B2 A



Energies 2018, 11, 1331 7 of 21

1 C B
/ . b b
b0 = = | arcsin(———=—=) — arctan(—) (20)
2 2 2 A
L Ay + By b

/ 1 . Cc Bc
Pueco = = |aresin(———=) — arctan(—) (21)
2l /AR A

In Equations (19)—(21), the expressions of coefficients A;, B;, C;, (i = a, b, ¢) are shown in Table 1.

Table 1. Expressions of A;, B; and C;.

Coefficient Expressions
2Emp
A, Imp Vd:} {ﬁ)\z COS((PW' - ZfPun) + \@/\ COS(‘Pui — Qun — (P“P) + \@COS((pui - 2<PVP)]
2E,, . . .
By Lmp vdf {—ﬁ)‘z sin(@yi — 2¢un) — V3A sin(@ui — Qun — tpup) - \ﬁsm(cpui - 2(p,4p)]
En . .
C, Inp Zvdfp {,é ()\2 + 1) sin(¢y;) — 24/3A sin(¢y;) cos(@un — (pup)]
A Lnp 25:;;7 {7\/32\2 Sin(qoui = 2¢un + %) +v/34 COS(%:‘ — Qun — 4714;7) + \/gsin(goui —2Qup — %)}
By Ip 25;;’” [\/g}\z sil’l(q’ui —2Qun — %) —V3A Sil‘l((pui — Qun — %p) + \/gsin(Q)ui —2¢up + %)}
2E,, . .
Cp Lnp {—@ (A2 + 1) sin(@y;) +2v/3A sin(@y;) cos(@un — Qup + g)]
Ac np 2 [V3A2sin (9 — 20un — ) + V/3A.cos (9ui = @un — @up) — V3in(pus — 29up + F) |
B. Lnp 2{2;» {\@Az sin(@ui — 2Qun + %) — V3Asin(@ui — Qun — Pup) + V3sin(@yi — 2¢up — %)}
2Emp . .
Cc Lnp {_\/Té(AZ + 1) sin(@yi) + 2v3A sin(@y;) cos(@un — up — %)]

As shown in Figure 4, when E;;,/(Vy./2) = 0.5, A = 0.1, and ¢,; = —71/4, ug is calculated in
different regions I-VI, which is divided by the zero-crossing points of u'y s (x =4, b, ¢).

1

Ug Fef: [ | [ | |
Up refeeeee I | | | I
|
|

Uc refo o o

eememmdan e
.

| 0y
|
0

I
I (8
| | |
' | | |
P-"e | | | |
1M refp o - | | | | |
—« > >e >e > >e
I II 10 v A\ VI 1
0 wt 21

Figure 4. Three phase modulation signals with uy in different regions under the non-ideal
grid condition.
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3.2. Design of the NP Voltage Balance Controller

The control principle diagram of the NPC three-level grid-connected inverter under non-ideal grid
conditions is shown in Figure 5, where the DDSRF-PLL represents the decoupling double synchronous
reference frame phase-locked loop unit, and the DCR unit dynamically calculates the zero-sequence
component for modulation signals by region selections (DCR).

3Level [V 0

Vel J_
C o
Ki- —[:E 1 H-Bridge I

<

i, |1y | i, e, |enle.
<€
DCR « Oe, Vv VY ¥ LA A
< O ¢
- < O e,
DCR-SPWM A & ‘| abddg e DDSRF-PLL
T T
Ua_ref | Ub_ref| Uc_re fatlarflan Cap | Cap| Can| am
) A A y N
Van_ref | +1an
) o .
n_ref ¢ _‘@;M Calculation
dglabe Vo rer| P1 | ) Iy rer| Of reference
< < v_®<—+,— current
| Vap_ref Q< lp_ref

IH Py I I O rer

Figure 5. Control principle diagram of the NPC three-level grid-connected inverter.

In Figure 5, according to three phase modulation signals u,_yf, Up_ref, Uc_rf, three phase grid
voltages e, ey, €., grid currents i,, i, i, and average capacitor voltages v.1%"8, v,,?8, the DCR-SPWM
block generates the modified modulation signals with zero-sequence voltage u;, for balancing the NP
voltage, where vc1%'8, 1,8 are the average voltage of v.1 and v.; in a line cycle. Additionally, 1", .y,
U'p_ref, U'c_rer are the modified modulation signals with u,,, which are compared with carrier waves to
generate driving signals for the switches of the inverter.

Inside the DCR-SPWM block, the input signals i, e, Up_ref, Uc_rer Of the DCR unit are modulation
signals without zero-sequence voltage, i, 7, i are three phase grid currents, e, ey, e. are three phase
grid voltages, and the output signals 1y of the DCR unit is the zero-sequence component for the
modulation signals, which are used for suppressing the ripple of the NP voltage v..

In order to eliminate the ripple of the NP voltage v,, the DCR unit dynamically calculates the
zero-sequence component 1 in different regions of the modulation signal, which is divided by the
positively sloped zero-crossing points ¢’ xg of u’xﬂf (x=a,b, c), where ¢,y is calculated according to
the grid currents and grid voltages at different grid conditions in a line cycle. The detailed flowchart of
the DCR unit is shown in Figure 6. Furthermore, a PI controller is used to restrain the dc unbalanced
voltage of v, and the input signals of the PI controller are v.1%"8, v,,?¥6. The design of this controller
for the NP voltage balance has been previously presented in many papers, so the detailed design is not
given here. In order to make the difference between v.1%V® and v,V zero, this controller outputs the
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signal g 4., which is added to the modulation signals. Therefore, u,;, is the sum of ug ;. and ug, which
is the zero-sequence voltage that is added to the modulation signals to balance the NP voltage.

Calculate Ex{k)a IX(/() Calculate ix‘,,(n), l'x,,(,,)
¢’ex(k)a (Pix(k) Uxp(n)s Uxn(n)

v

Divide regions
by qh'uxo

v

0Bty > Eerm

Dex - Pexti-1) > Pery

Calculate uq,
by Eq. (17)-(18)

v

co~Let-1)| > Lormo

|
|
|
|
|
|
|
|
|
|
|
|
|
|
_ |
Uo=Uo(n) I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Diry-Pist- )| > Per
\ 4
¢,m0(k):¢ ',,_ro(;\v_l) Calculate ]mp(/\»), Emp(k), /‘L(/\»)
Qupyr Puntkrr Puitioy End
| >
Lad
A
Calculate ¢'ixok
by Eq. (19)-(21)
@ ux0=0 "uxo0(k)
End DCR unit
= il

Figure 6. The flowchart of the DCR unit.

Figure 6 shows the main working flowchart of the DCR unit where E, (x =4, b, c) and I, represent
the root mean square (RMS) value of the grid voltages e, and grid currents iy, respectively, g¢, and
@ix represent the phase angle of grid voltages and grid currents, respectively. ¢yxox) and ug,) are
the calculated value of ¢yxo and ug, respectively. Eeo, lerro, and @erro are allowable errors, Eyy
and I, are the amplitudes of positive-sequence grid voltages and positive-sequence grid currents,
respectively, ¢, and ¢y, are the phase angles of the positive-sequence and negative-sequence
modulation signals, respectively, ¢,; is the phase difference between the positive-sequence grid voltage
and positive-sequence grid current, A is the unbalance factor, iy, and iy, represent the positive-sequence
and negative-sequence components of three phase grid currents, and uy, and uy, represent the
positive-sequence and negative-sequence components of the three phase modulation signals.

In the k-th line cycle, the RMS value Ey ), Ix(), and phase angle @ex(), @ix() are calculated, and
are compared with Ex 1), Iy(k — 1), Pex(k — 1), and @iy — 1), respectively, which are the calculated
values in the (k — 1)th line cycle. If the absolute differences between the values of variables in the
kth and (k — 1)th line cycle are greater than the allowable errors, the positively sloped zero-crossing
points @uxox) Of U’y ref (x = a, b, ¢) need to be calculated by Equations (19)-(21), if not, ¢uxox) of
'y pef (x=a,b, c) are equal to ¢ uxo — 1) Of U’y _rer (x = a, b, ¢), which are calculated in the (k — 1)th line
cycle. In the nth switching cycle, (1, Uxn(n), fxp(n), and ixn(y) are calculated, and a line cycle is divided
into six regions I-VI by ¢,xo, then ug,) is calculated by Equations (17) and (18) in the present region.
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4. Performance Analysis

4.1. Analysis of the NP Voltage Fluctuation
According to Equations (6) and (16), when the proposed DCR-SPWM method is applied, v, can

be expressed as:
Uxp_ref + Usxn_ref + MO‘ (ixp + ixn)]dt (22)

1
v =z (Y

x=a,b,c

Supposing that Eyp/ (V4. /2) = 0.5, C, and I, are normalized, according to Equations (9)—(14) and
(22), the ripple of v, is related to A and ¢,;. With the traditional SPWM and proposed DCR-SPWM

method, surfaces for the ripple of v, are plotted as shown in Figure 7.

124

Ripple of v,
Ripple of v,

(b)

Figure 7. Surfaces of the ripple of v. as the function with ¢,; and A: (a) Traditional SPWM;
(b) DCR-SPWM.

In Figure 7a, with the traditional SPWM method, the ripple of v, increases when ¢,; varies from 0
to 7r/4 (or —7t/4 to 0), and A varies from 0 to 0.2. In Figure 7b, with the proposed DCR-SPWM method,

the ripple of v, is almost zero, which is not varied with ¢,; and A.
From the comparison above, it can be seen that the proposed DCR-SPWM method can suppress

the NP voltage ripple under different A and ¢,; conditions.

4.2. Analysis of the Grid Current Harmonics
Suppose that v, spwa and v, pcr are the leg voltages of the inverter with the traditional SPWM
and proposed DCR-SPWM method, respectively, considering the influence of NP voltage, v, spwm

and v, pcr are expressed as follows:

Vd [
Ux_SPWM = (uxp_ref + uxn_ref)TC + Uxp_ref + Uxn_ref ?C + Uxh_mod (23)
— Vic Uc
Ux_DCR = (uxp_ref + Uxn_ref + u0)7 + Uxp_ref + Uxn_ref + MO‘E ~+ Uxh_mod (24)

In Equations (23) and (24), vy, 04 represents the harmonic component caused by the modulation

method, which was analyzed in [29].
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In the Three-phase Three-wire inverter system, the grid currents of the inverter can be
expressed as:

. 1 1
zx_L/[vx—ex—?) Z (vx +ex) | dt (25)
: x=a,b,c

where L is inductance of the filter inductor, and the THD value of the grid currents can be calculated as
per [29]:

27T .
THD — 0 ix(wt)dwt .

27T 9

26
o i (wt)dwt (26)

where iy represents the fundamental component of the grid currents.

According to Equations (9)—(14) and (22)—(26), the THD value of the grid currents is related to A
and ¢,,;. The surfaces for THD of grid current i, with the traditional SPWM and DCR-SPWM method
are shown in Figure 8. Compared with the traditional SPWM method, the THD value was lower

when the proposed DCR-SPWM method was applied, and was lower than 4% under different A and
@i conditions.

Grid current THD(%)
Grid current THD(%)

(@) (b)

Figure 8. Surfaces of the THD results as the function with ¢,; and A: (a) Traditional SPWM;
(b) DCR-SPWM.

From the analysis above, it can be seen that the proposed DCR-SPWM method can improve the
quality of grid currents under different A and ¢,;; conditions.
5. Simulation and Experimental Verification
5.1. Simulation Analysis

In order to verify the validity of the proposed DCR-SPWM method, a simulation model of the
NPC three-level grid-connected inverter was built using Matlab tools, and the specifications of the
simulation model are shown in Table 2.
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Table 2. Specifications of the prototype for simulation.

Specifications of the Prototype

DC bus voltage Vi =200V
DC bus capacitors Cqy =Cy =150 uF
Switching frequency fs =16 kHz
Apparent power S =600 VA
The amplitude of grid voltages Ena=55V,E;;, =40V, Epe =55V
Output phase filter L:1.5mH, C: 15 uF

Figure 9 shows the simulated waveforms of capacitor voltage v.1, v¢p, leg voltage vy, grid current
ip, and three phase grid voltages ex (x =4, b, ¢). In Figure 9a,b, the DCR-SPWM method was applied at
0.25 s, where it can be seen that before using the DCR-SPWM method, the capacitor voltage ripple
was 20V at ¢,; =0,and 30 V at ¢,; = —71/4, respectively. After the DCR-SPWM method was applied,
the NP voltage ripple was reduced effectively and the grid current quality improved. In Figure 9c,
a parallel resistor was connected to the dc bus capacitor C, for the NPC three-level grid-connected
inverter, resulting in the 40 V dc unbalanced voltage between v.; and v, which made the positive
and negative half line cycle of the output leg voltage asymmetric, so as to the grid current. When
the DCR-SPWM method was applied, the NP voltage ripple and dc unbalanced voltage could be
controlled effectively, and quality of the grid current was improved.

Traditional Traditional
it — —»«— DCR-SPWM —»! —»i¢— DCR-SPWM —>
Tr;,fﬁ}‘,’\;‘al —>i¢— DCR-SPWM —»! 130———SPWM 140 SEWM
130 — ; Vel I Vel
Vel > Ve > V2 mmman
> Ver A 8,120
E £110 s
gho Tg E
2 Z Z 100 SEEE—
= 2 8
Z 590 2
g 90 2 S 80
& S 3
@]
70
1758 150
100 100
50
> 50 .
2 =0
50 -50
100 -100
-150 -150
1 15
10 10 10
5 5 5
§ 0 ii 0 § 0
-5 5 -5
10) 10| 10]
-1
1 -15l
100 100 100
73 75 75
> 30 50 50
£ \ 2 2
g 25? g 25 A % 25} N\
9 =y Sa4)
-75 / =50 @-50
N e -75 / 75 /

022 0.

e €, @ e, €, ¢
24 6 028 03  -100 Ll A

N -100 s PR
6 0.28 0.3 0.2 0.22 0.24 ( )0,26 0.28 0.3
«s

0.2 .
) 02 022 024

0.2
1(s)

(@) (b) (©)

Figure 9. Simulated waveforms of the traditional SPWM and the proposed DCR-SPWM method:
(@) ui = 0, 0c1™8 — 02™8 = 0; (b) @ = —71/4, De1® — 02™8 = 0; (€) @i = 0, 0e1™8 — 0:2™8 =40 V.
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5.2. Experimental Verification

As shown in Figure 10a, the proposed DCR-SPWM method was tested in the experimental
platform of an NPC three-level grid-connected inverter based on DSP-CPLD. The experimental
platform is shown in Figure 10b where the oscilloscope and power analyzer are Tektronix MDO3000
(Tektronix, Shanghai, China) and HIOKI PW6001 (HIOKI, Nagano, Japan), respectively. The
specifications of the experimental prototype are shown in Table 3.

3-level Isolation 2 5% l 5%
H-Bridge L transformer i : ; b -
LT A or 3 TR : -
C
ot Fll o3 Loz | ;“% AN
lc C f— : . = !
Tcz—l— _/_5,_6_\ Cbé 250 ; : i Powi lflzer
C o A
= e b
y B et @0
| TTW C“CT““| | Siena PI’TS“T cirauit_| _.‘ 5| ) _Voltage,f?,&‘ll‘é.@,lrﬁi
CPLD n DSP g w
EPMI1270T N TMS320F2808 -
(a) (b)

Figure 10. The schematic diagram and experimental photograph of the system: (a) Schematic diagram
of the system; (b) Experimental photograph of the system.

Table 3. Specifications of the experimental prototype.

The Specifications of the Experimental Prototype

DC bus voltage Ve =200V
DC bus capacitors C1=Cy =150 uF
Switching frequency fs =16 kHz
Apparent power S5 =600 VA
Digital Process Unit DSP: TMS320F2808, CPLD: EPM1270T
Power switches module IGBT FZ06NPAQ70FP
Output phase filter L:1.5mH, C: 15 puF

Figures 11 and 12 show the experimental waveforms of vy, vc2, iy, U ex (x = a, b, ¢) and uy, at
different A and ¢,; conditions, where vy, is the leg voltage of phase b and u,, is zero-sequence voltage
that added to the modulation signals, which is added to modulation signals. From Figure 11, it can
be seen that when using the traditional SPWM method, the ripple of capacitor voltage v.; was about
20V at ¢,; =0, A = 0.1 in Figure 11a, and was about 32 V at ¢,; = —m/4, A = 0.1 in Figure 11b, after
the proposed DCR-SPWM method was applied, the ripple of NP voltage was suppressed effectively.
In Figure 11c,d, the PI-SPWM method proposed in [14] was applied and it can be seen that the proposed
method had better performance in terms of the system steady-state error when compared with the
PI-SPWM method.

In Figure 12, before using the DCR-SPWM method, the ripple of v.; was about 20 V at A = 0.15,
@y = 01in Figure 12a, and was 24 V at A = 0.2, ¢,;; = 0 in Figure 12b. The NP voltage ripple was very
low with the DCR-SPWM method.
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Figure 11. Experimental waveforms under different ¢,; conditions: (a) DCR-SPWM ¢,,; =0, A =0.1,
U1 — 0?8 = 0; (b) DCR-SPWM ¢,; = —7t/4, A = 0.1, v,1*Y8 — v:,?Y8 = 0; (c) PI-SPWM ¢,; = 0,
A =0.1,0,4%8 — 0,58 = 0; (d) PI-SPWM ¢,,; = —71/4, A = 0.1, 0428 — 0,,7"8 = 0.
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Figure 12. Experimental waveforms under different A conditions: (a) DCR-SPWM ¢,; =0, A = 0.15,
0618 — v:2%V8 = 0; (b) DCR-SPWM ¢,,; =0, A = 0.2, v,1*V8 — v,,*V8 = 0; (¢) PI-SPWM ¢,; =0, A = 0.15,
001" — 0:2™8 = 0; (d) PLSPWM g, = 0, A = 0.2, 01™8 — 02™8 = 0.

When a parallel resistor connected to the dc bus capacitor C; for the NPC three-level
grid-connected inverter, experimental waveforms of v¢1, v¢y, iy, Up, €x, and u,, under different conditions
are shown in Figure 13, defined that v.;*'® and v:,?'® were the average voltage of v.,; and v,
respectively, and before using the DCR-SPWM method, the NP voltage was unbalanced, the voltage
difference between v,1?V8 and v.,?'% was about 80 V. In a line cycle, the amplitude of the leg voltage in
the positive half cycle was higher than in the negative half cycle, and the quality of the grid current
was not beneficial to the grid connections.
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When the DCR-SPWM method was applied, the voltage difference between v, and v., decreased
to almost zero, and the ripple of v.; and v., was very low. From Figure 13a,b,e, it can be seen that
under different unbalanced grid and output power conditions, the system reached the steady-state
rapidly, and the quality of the grid current was improved.

Figure 14 shows the harmonics analysis of the grid current 7, under different A conditions, when
@ui = —71/4, it can be seen that when the DCR-SPWM method was applied, much low order harmonics
were decreased, and the THD value decreased so that the quality of the grid current was beneficial to
grid connections.
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Figure 13. Cont.
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Figure 13. Experimental waveforms under dc unbalanced NP voltage conditions: (a) DCR-SPWM
@ui =0, A =02, 0128 — 1,8 = 80 V; (b) DCR-SPWM @,; = —7/4, A = 0.1, 0,28 — 0,28 = 80 V;
(c) PI-SPWM ¢,; =0, A = 0.2, 91?8 — v,*8 = 80 V; (d) PI-SPWM ¢,; = —1t/4, A = 0.1, 1?8 —
0:2%V8 =80 V; (e) DCR-SPWM ¢,; = —71/4, A = 0.15, v:1*V8 — v,?V8 = 80 V; (f) PI-SPWM ¢,; = —711/4,
A=0.15,1,4%8 — 1,78 =80 V.

Figures 15 and 16 show the ripple of v;; and the THD results of i, at different unbalanced grid
conditions with different control methods. It can be seen that with the traditional SPWM method, the
ripple of vy increased much higher and the THD value was higher than 5% when A varied from 0
to 0.2 at ¢,,; = — /4, instead, when compared with the PI-SPWM method, the DCR-SPWM method
proposed in this paper decreased the ripple of v.; effectively, and the THD value of grid current was
decreased, which was lower than 4%.

According to the experimental and simulation results, under different unbalanced grid and
output power conditions, the proposed DCR-SPWM method can suppress the ripple of the NP voltage
effectively; when the NP voltage has dc unbalanced voltage, the NP voltage is controlled to be balanced
fast, furthermore, this DCR-SPWM method improved the grid current quality and reduced its THD
effectively when compared with the PI-SPWM method proposed in [14].



Energies 2018, 11, 1331 18 of 21

11131517 19212325272931333537394143454749 0
Harmonic order

. Traditional SPWM | Traditional SPWM 10 Traditional SPWM
Fundamental current [,=6.39A 0 Fundamental current /,=6.61A | Fundamental current ,=6.88A
o THD=7.41% 609

5 (THD=6.25%) = ( ?) — (THD=8.60%)
~ = 9 = 8
El = 2
- g’ el
£4 3 s
k= -g [ -g 6)
(=1
&3 fo 5 fc 5
=\2 x4 =< 4
E 2 %" 3 :2%“ 3
= . | 2) 2

1 1
0 I I IR l-I.I.II Salon.s a a a . Ol-l--l-llll Satalas Batan.s
3s7onBis ‘7"1’{2‘232527233‘333537394143454749 357 911131517192123 252729 31 3335 37 39 41 43 45 4749 357 91113151719 2123 252729 31 33 35 37 30 41 43 45 47 49
armonic order Harmonic order Harmonic order
) DCR-SPWM 6 DCR-SPWM ] DCR-SPWM
Fundamental current 7,=6.48A Fundamental Cu”e“; 1,=6.54A Fundamental current /,=6.94A)

s (THD=3.83%) 5 (THD=3.63%) 5 (THD=3.51%)
3 3 =
= = E]
Q Qo
g4 g4 24
< < =
2 E £
23 F3 23
3 s s
S =X X
52 w2 52
= s =

1 1 | 1

. | ISP ITR IO R dd LLL Ly, WL Ll ...,

57 35709 357091113151

7192123 252729 31 3335 373941 43 454749
Harmonic order

@

51719212325 27 29 31 33 35 3739 4] 43454749
Harmonic order
PI-SPWM PI-SPWM PI-SPWM
Fundamental current 7,=6.45A| Fundamental current /,=6.57A Fundamental current /,=6.84A|
(THD=5.92%) (THD=6.59%) (THD=6.73%)

%
W
v

S
IS

&)

(S8
Mag(% of fundamental)
w

Mag(% of fundamental )
Mag(% of fundamental)
W

| ‘ | |

I | I l l 2l ll- I I Ill I I I s 0.0.8. M I I 1 Il sl nol Bollol nen onl 0.0 . III|-I-I-I-I I 1 I s I 2 ' | l.s

35 11 13 15 17 19 2123 2527 29 31 33 35 37 39 41 43 45 47 49 3579111315 1719212325272931333537394143454749 357 91113151719 2123 252729 31 33 35 37 39 41 43 45 47 49
Harmonic order Harmonic order Harmonic order

(a) (b) (c)

Figure 14. Harmonics distribution of 7,: (a) A =0.1; (b) A = 0.15; (¢) A =0.2.
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Figure 16. Measured THD.

6. Conclusions

In order to solve the NP voltage unbalancing problem for NPC three-level grid-connected inverter
under non-ideal grid conditions, the unbalanced form of NP voltage under non-ideal grid conditions
was studied, and the DCR-SPWM method under non-ideal grid conditions was proposed. This
proposed DCR-SPWM method dynamically calculates the zero-sequence component for modulation
signals by region selections, and the theoretical analysis and experiment results showed that the
proposed method had a good ability to control the NP voltage balance, and improved the grid current
quality effectively.
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