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Abstract: This paper presents a method to improve the quality of input-output currents in a three-level
neutral-point clamped (NPC) inverter with small direct current-link (DC-link) capacitor systems. The
inverter systems with the small DC-link capacitors have several advantages in terms of cost, volume,
life-time, and reliability when compared to inverters that use large DC-link capacitors. However,
there are problems with respect to the deterioration of the input current quality and a severe ripple
of neutral-point voltage (NPV), which can cause an aggravated output current. To mitigate these
issues, an additional circuit is applied for the input current shaping and a compensation algorithm is
applied to reduce the ripple voltage of NPV. The effectiveness of the proposed design and control
method is verified with various simulation and experimental results.

Keywords: electrolytic capacitor less inverter; neutral-point clamped inverter; grid current quality;
carrier-based pulse-width modulation (CB-PWM)

1. Introduction

Three-level neutral-point clamped (NPC) inverters have been widely used in medium-voltage
power conversion systems. Three-level NPC inverters have several advantages over conventional
two-level inverters, such as reduced stress of the power device and enhanced output quality [1,2].

The conventional rectifier system for an inverter is shown in Figure 1. Diode rectifier systems
generally utilize capacitors with large capacitances to stabilize the operation of the inverter system. The
purpose of the DC-link capacitor is to perform DC-link voltage regulation and to absorb the switching
ripple current. Therefore, the DC-link of an NPC inverter is mainly composed of an electrolytic
capacitor with a large capacitance. Moreover, the electrolytic capacitor occupies a lot of the space in
the whole system. Furthermore, as electrolytic capacitors have a short life time. There is a decreased
reliability of power-conversion systems [3-5].

Therefore, many studies have focused on replacing electrolytic capacitors with film capacitors to
reduce the volume of the system. While film capacitors have a much higher reliability, they have a
much less capacitance per unit than that of electrolytic capacitors. A small film capacitor improves the
reliability of the system and eliminates the initial charging circuit, thus reducing the overall system
volume and cost [6-9].

In addition, film capacitors can store less energy than electrolytic capacitors. Therefore, film
capacitors are unable to compensate for the input—output power difference. Small-capacity inverter
systems are beneficial in applications such as fans, pumps, and compressors, where the load variation
is not significant [10-12].
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Figure 1. Conventional three-level neutral-point clamped (NPC) inverter.

\/

To improve the quality of the input current caused by small capacitors, many researchers
have studied various control techniques, including the use of the pulse-power injection method,
output-current compensation technique, and harmonic injection technique [3,4,6-15]. In the case
of [8], the output-current compensation method distorted the output current in order to improve
the input current. In [11], there is a disadvantage in realizing high efficiency, as there is a need for a
microprocessor that operates at high speed.

By increasing the demand in terms of small current distortion, low dv/dt stress and high efficiency,
the three-level inverter is widely applied in various applications. However, the previous studies for
the small DC-link system fed by the diode rectifier is based on the two-level inverters and there are
considerable issues when the three-level inverter is applied in the small DC-link system. As shown in
Figure 1, the DC-link of the NPC inverter is divided into two voltage sources to generate three different
output voltage levels; i.e., —V;./2, 0, and +V ;. /2. However, for the DC-link capacitors used in the
three-level inverter, there is a difference between V.1 and V3., owing to differences in manufacturing
tolerances, mismatches in the switch characteristics, and the grid unbalance. The unbalance of the
DC-link voltage includes alternating current (AC) unbalance and DC unbalance. The occurrence of a
DC unbalance implies that two DC-link capacitors have different voltages, and the voltage difference
does not change with time. The DC unbalance can cause the distortion of the output currents. The
solution for the DC unbalance problem is to choose an appropriate switching-modulation method.
The AC unbalance is an AC-ripple of V5.1 and V., which change with time. The frequency of the
AC ripple is three times the output fundamental frequency and the DC-link capacitor value. A large
AC unbalance causes the output currents to contain the ripple frequency, which causes the distortion.
Furthermore, a large AC unbalance imposes stress on converter devices. These problems from the AC
unbalance become severe when the small capacitors are applied for the DC-link. In order to restrict the
neutral-point AC ripple voltage, a neutral-point voltage stabilization method using DPWM and the
offset injection method are used [5,16-24].

This paper focuses on the design and its control algorithm to improve the quality of the
input-output currents generated by the three-level NPC inverter based small DC-link system. An
applied DC-link shunt compensator (DSC) circuit solves the input current deterioration caused by
the small DC-link capacitor. In addition, the output current quality is improved using the AC
ripple-reduction algorithm. Finally, the performance and feasibility of the proposed method are
verified using simulation and experimental results.

2. Description of Grid Current Improvement Technique

Generally, the DC-link capacitor in a three-level inverter compensates the power difference
between the diode output power and the inverter input power through the charge-discharge operation
of the capacitor. However, it is difficult to compensate for the instantaneous difference power owing
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to the decrease in the capacitance of the DC-link capacitor. In this section, the design method for
the three-level inverter with the small DC-link capacitors is presented to shaping the rectified grid
current [10]. The rectified input current, 14, can be expressed as the sum of the inverter current that is
consumed by the load and the charging current for the DC-link capacitor voltage, as shown in Figure 1.

Idiode = Linp + Idcflink (1)

Assuming that the DC-link capacitance is very small, the DC-link current may be negligible. In
this case, the quality of ;4 is decided according to the inverter current, I;;;,.

Liidode = lino (2)

Therefore, in order to improve the quality of the rectified input current I, it is necessary to
change the inverter current I;,,;, or add a compensation value to change the input current I;,4.. The
three-level inverter with an additional circuit is shown in Figure 2. The additional circuit is called a
DSC, which is used to improve the input current quality.
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Figure 2. Proposed three-level NPC inverter with DC-link shunt compensator (DSC).

The proposed three-level NPC inverter consists of the small film capacitors that replace the large
electrolytic capacitors and a DC-DC buck-boost converter. The inverter applying the large capacitors
for the DC-link, the I;;,4., flows for the period to charge the capacitors, and the period is relatively short
because the capacitors have a large capacity. In case small capacitors are applied, most of the electric
charge from the input grid is delivered to the load directly. Therefore, the I;;,4, flows consistently and
its shape contains the six-order harmonic ideally because the three-phase grid currents are rectified
by the diode rectifier. The proposed design method equips the DSC circuit to shape the I,4, into the
six-order sinusoidal waveforms.

Assuming that the inverter uses small capacitors, ;4. can be expressed as follows:

Liiode = Iino + 1. 3)

The inverter current I;,,, can be derived as:

I — Piny — Piny — Pinv(vdcﬂfvﬁfh)

mo l‘;vdcf‘llink o V{l/cO+V6thP (VdcoH(?zh)(Vdco*Veth)z X @)
_ inv¥de0 " YinoVeth ~ Lino __ LinvVéth
= phips ~ g 7 (where, Vi y >> V§,)
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where P;,;, is the inverter power, V ;. is the average value of V. jik, and Vi, is the 6th-order harmonic
of the DC-link voltage. By substituting (4) into (3), the rectified input current is given as:

Pinv _ Pinv ) V6th

Liioge =
diode Vch deco

+1 ®)

Assuming that there is a constant-power load in the inverter, the first term of (5) will have a DC
value. However, because the second term is the 6th-order harmonic component of the DC-link voltage,
it causes the degradation of the input current quality. Therefore, the compensation value is added to
the current I;, which flows in the DSC circuit, to improve the input current quality. The I; with the
added compensation value I¢omp is as follows:

Piny - Vetn

Iy, = Ieon + L (6)
dc0

where I, is capacitor current of C.y; and « is a weighting factor that adjusts the injected value of the
compensative current. Finally, the input current Equation is given in (7). The input current can be
improved by controlling the DSC circuit.
Liioge ~ % + (& — 1)% + Icon @)
dc0 dco

As recognizable by (7), if a is 1, 1 ;o4 is constant value (P, / Vc0 + Ieon) and the input grid currents
form square waveforms. By increasing the value of &, the shape of I;;,4, contains the six-order harmonic
that become similar with I;,5, when the large DC-link capacitors are applied [10,25]. Therefore, the
input grid currents also acquire the shape of sinusoidal waveforms by adjusting «.

The control block diagram of the DSC is as shown in Figure 3. The DSC controller consists of a
voltage controller, harmonics compensator, and current controller. The voltage controller controls V.,
which is the output voltage of DSC. The harmonic compensator extracts the 6th-order harmonic of the
DC-link voltage using the band-pass filter (BPF), and the 6th-order harmonic is used to calculate the
compensative current Icomp. The current controller controls I1, which flows through the DSC inductor
Lpsc- To compensate for the 6th-order harmonic, Icomp is added to the reference signal I *. Icomp consists
of the product of the weighting factor alpha and Vy,, which is filtered by BPF. The bandwidth of BPF
extracts the 6th-order harmonic of the DC-link voltage, V jcjink(Vic1 + Vic2)-

VCO}’I
* D Voltage
Vcon I+ Controller
T O N Sy
: 6" Band Current
E Ve-tmk Pass Filter & Controller il
: 1
E P load —>] T —>
E Vch

1 harmonic compensator

Figure 3. DSC control block diagram.
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3. AC Ripple-Reduction Algorithm for the Output Current

The quality of the input current can be improved by applying the DSC. However, because the DSC
only improves the input current, a separate control technique is needed to improve the output current
quality. For three-level NPC inverters, there is an AC ripple in the DC-link. The charge-discharge of the
capacitor voltage is determined according to the switching state and the direction of the neutral-point
current, Iy, which flows through the neutral-point, N. In addition, the values of V4.1 and V. are not
the same and fluctuated. Therefore, the three-level inverter also generates the distorted pole voltages
under the large AC ripple condition of the capacitor voltages. The distorted output pole voltage
degrades the quality of the output current. Hence, V.1 and V» should be controlled with the same
value to realize the improved output current quality.

The three-phase voltage references are expressed as:

Vy,ref = Um SINwt
Vy,ref = Um sin(wt —1207) (8)
Vw,ref = Um sin(wt +120°)

where v;, is the magnitude of the phase voltage.
The reconfigured on-time ratio of the three-level NPC inverter is as follows:

20y ref 2-v, :
7 = = " sin wt
WEJ; Vite—tink Vite—tink
'Uv,ref 20 : o
r = = sin(wt — 120 9
oref = Vi ik Vic—link ( ) ©)

O ‘ .
rw’ref - Vdczj’liilj; - V;cj];lnk Sll'l((dt T 1200)

where y ¢ is within the range of [-1, 1]. For every switching cycle, the on-time ratios can be classified

as Tmax, "'mid, and 7y, which represent the maximum, middle, and minimum values of the three-phase

on-time ratios, respectively.

Vmax = mMax (ru,ref/ To,refs rw,ref)
Tmid = mid TurefrTorefrYwref (10)
Tmin = M\ Ty ref s Vo refr Tw,ref

For the carrier-based PWM (CB-PWM), the switching state is as shown in Figure 4. During the
control period, the switching state changes six times. In sector A, the min-phase is in the N state;
therefore, all of the switching states become [OON]. In sector B, the min-phase changed to the O state
and all of the switching states become [OOO]. In sector C, the max-phase changed to the P state and the
switching state becomes [POQ]. Similarly, in sector D, the max-phase and min-phase hold the switching
state, and the state of the mid-phase changes to the P state. Therefore, the switching state is changed
[PPO]. During the control period, the switching state changes as follows: A—+B—C—D—C—B—A.
The variation of neutral-point voltage according to the switching state is given in Table 1.

The neutral-point voltage (V.2 — Vj4.1) varies depending on the switching state and the direction
of the neutral-point current I,;,. Figure 5a shows the [POO] switching state. The max-phase switch is
the P clamping state. In this case, the neutral-point is connected to mid- and min-phases. Therefore,
the neutral-point current equals —I;;;5y. In addition, the upper capacitor, C4.1 is discharged. As a result,
the neutral-point voltage will decrease. Figure 5b shows the [PON] switching state. The max-phase
switch is in the P clamping state and the min-phase switch is in the N clamping state. In this case,
the neutral-point is connected to the mid-phase. Therefore, the neutral-point current is equal to ;5.
However, because the current in the mid-phase has either a positive or a negative value, the direction
of the current has two cases. Assuming that I,,,;; is larger than zero, the neutral-point current flows
to current path @ in Figure 5b and the voltage of the lower capacitor is discharged. Therefore, the
neutral-point voltage increases.
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Figure 5. Variation of the neutral-point voltage according to the switching state. (a) POO; (b) PON;
(c) PPO; (d) OON; (e) ONN; and (f) PPN.
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Table 1. Neutral-point voltage fluctuation according to the switching state.

Switching State Neutral-Point Current Neutral-Point Voltage
Max Mid Min
(@) (@) — Ly Increase
P o N L Lyia>0 Decrease
Luia <0 Increase
P o Lyin Increase
o @) N —Lin Decrease
N N Lax Decrease
PPN, PNN, OOO None Constant

Figure 5c shows the [PPO] switching state. In this case, the neutral-point is connected to the
min-phase. Therefore, the neutral-point current is equal to I,,,;,. Then, the V., voltage increases,
resulting in an increased neutral-point voltage. For the [OON] switching state, the neutral-point is
connected to the max-phase and mid-phase. The neutral-point current is equal to —I,;;j,. L;,i5,, which is
always a negative value. Therefore, in the [OON] state, the neutral-point voltage decreases because the
neutral-point current is a negative value. Similarly, for the [ONN] switching state, the neutral-point
is connected to the max-phase, and the neutral-point current is equal to Iy, as shown in Figure 5e.
Because the value of I,y is always positive, the neutral-point voltage decreases. Finally, the [PPN] and
[PNN] states are disconnected from the neutral-point. Therefore, the neutral-point voltage is constant.

It can therefore be confirmed that the variation of the neutral-point voltage fluctuates with the
neutral-point current [26]. The vy, phase is always connected to point T, at during the product 7y
and the Tgap. The vy, phase is always connected to point B, during the product | 7, | and Tsamp-
However, the pole of a phase with the middle value is connected to T or B when r,,; is positive or
negative during the product |7, | and Tsmp. In addition, assuming that the three-phase output
current, DC-link voltage, and the reference signal do not change during one control period, the current
at the neutral-point, which is expressed in [27], can be given as:

<Inp>TS = _<Imux : |7’mux| + Lpia - |rmid| + Lyin - |7’min|>Ts (11)

where Ly, 1yig, and I,;, are output currents that flow during each turn-on period of 74y, 7414, and
Tmin, Tespectively. <x>7; represents the average value during one control period.

In the switching waveforms shown in Figure 4, additional switching should be injected to
minimize the neutral-point voltage for the ripple minimization in the neutral-point voltage. Therefore,
the offset is added to the reference signal to minimize I,,;y. The mean value of I, which is added to the
reference signal by the offset, is as follows:

<I”P>Ts,off = _<Imax : ‘Vmax "‘roff’ + Lyia - ‘Vmid + roff‘ + Lnin - ‘rmin + roff‘>Ts (12)

In (12), max is always positive and 7., is always negative. However, 7,,;; and 7,5 can have either
a positive or negative value. In addition, 7, should be lower than 7,y and higher than r,,,;,.

Case 1 (ryg > 0 and rop > 0): Assuming that r,,;5 > 0, as shown in Figure 6, 7y ofset, Which is
added to ., is subtracted from the absolute value of 7, to the absolute value of 7,4 Then, using (11),
the neutral-point current is added to the compensation value as follows:

<I”P>Ts,off,casel = <I”p>Ts - <Imax - Toff’ + Imid . roff‘ — Imin . roff‘>Ts (13)
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1 + 1 +
Vmid offset = |"mid T roﬂ' = |’}nid|+ |roﬁr| Pmin,offset = |Fmin +roff| = |rmin|_ ’rajf|
'd
U7 e
Tf romim i m e m Toff f—rmm i m i m -
0 0
Fmin T loff
Pmin |——————-—-—-————————
S 14+
(a) (b)

Figure 6. Calculation of the absolute offset value (case: 75 > 0, 745 < 0). (@) g calculation; and
(b) 7, calculation.

From (13), r,g, which causes <I;,>15* to be zero, is derived as follows:

it = 1 (1)
Iax + Imz‘d - Imin
Because the denominator should have a positive value, Toff can be expressed as:
Foff = Inp Ly >0 (15)
off Imax + Imid - Imin T

Case 2 (ryig < 0 and rop > 0): In this case, <[z | 1nig+7o | >15 has two cases, as shown in Figure 7.

i 4 1+
Tiid offset = |Tmid + rU]f’ - |'P’”fd| - rﬂ]f‘ Tmin,offset = ‘rm{n +r0ﬁ| = ’bﬁ‘_|’}111d|
/ roﬁr — e —s 7 ............. e
}gjf Lo s s s a s e pE e .
Fid - ———————-—-—-——————
L
tid -———————————————
-1 4 14
(a) (b)

Figure 7. Calculation of the absolute offset value (case: 7,y <0, o5 > 0). (a) rig calculation| 7y 1 >
I7oprl; and (b) 7, calculation |74 1 < I741.

In case 2, the two values were compared to calculate two each value. First, in case 2-1, assuming
that 7,41 > | 7o, the neutral-point current is as follows:

o ), (16

Similar to case 1, the value for making the neutral current equal to zero is derived as:

<I”P>Ts,off,c115227l = <I”F’>Ts - <Imax ’ r"ff’ = ia - roff‘ = Lnin -

Inp

Toff = , Inp >0 (17)

Imax — Imid — Imin
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In the second case 2-2, assuming that |7,,;; | < |ryy|, the neutral-point current can be estimated as:

< Tax - ’rmax JF”off‘ + Inid - ( 7’off‘ = [Fmial + [Fmial — "’mid|>+ >

<IV’P > Ts,of f,case2—2

i - ‘rmin + Toff Ts (18)
= <Inp>Ts - <Imux ' roff‘ — dmid * ( roff‘ 72|rmid|> — Lnin - roff‘>Ts
The offset value required to make the neutral current equal zero is as follows:
’ Lnp +2 roff‘ “ Lyig 19)
T =
°ff Lnax + Iia = Iimin

In this case, the denominator term is over zero, and Toff > 0. Therefore, Foff Can be expressed as:

Lup +2

roff’ “Lmid

/IVI}?+2

Torr = 7 -Lig >0 20
T N S off’ mid (20)

Case 1 and case 2 were calculated when 7y is positive. On the contrary, case 3 and case 4 calculate
the offset value when .4 is a negative value.

Case 3 (rig > 0 and 745 < 0): This case is similar to case 2 because the absolute value of 7,5 may
be different from the absolute value of ,,;;. Therefore, for case 3, there are two ways to calculate the
offset value, which is shown in Figure 8.

1 4+ 1 4
Pmid offset = ‘f‘,m-d + rc)]f' = {r'm,-d | 7|}"0ﬁr‘ Ymid offset = |'mid o+ rajf' = "bﬁl_lj}nici‘
Ll e e e R
Bnid + Yot baid |- ———————————————
0 0
Toff |rm i m e — e —
Tmin + Toff
Toff f——im i —m i
1+ < =}
(a) (b)

Figure 8. Calculation of the absolute offset value (case: 15 > 0, o5 < 0). (a) rpig calculation| 7y 1 >
I7ofrl; and (b) 7, calculation |7y,41 < I7yl.

In case 3-1, assume that |7,,;; | > |7,51; then, the neutral-point current is derived as:

rosf) @)

The offset value is used to compensate the neutral-point current equal to zero as:

roff‘ — Lin -

<I”P>Ts,off,case3—l = <Inp>Ts - <Imﬂx' roff’ — Lig -

rost| = Inp (22)
off —Ipax — mid Imin

In this case, because the denominator is less than zero, I, must be negative. By using the condition
that I, and Tof are less than zero, the offset value can be expressed as:

Lnp
Toff = LI, <0 23
off Inax + Imid - Imin " ( )
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For case 3-2, |7y, < |rgpl. Similar to case 2-2, the offset to make the neutral-point current equal
to zero is given as:
Iﬂp + 2"’mid| ) Imid

Toff = /Inp <0 (24)

Imax — Imia — Limin
Case 4 (ryig < 0 and ryy < 0): In this case, the compensation value can be obtained similarly to case
1. Finally, the offset is used to make the neutral-point current equal to zero.

Iﬂp

Toff = , Inp <0 (25)

Imax - Imid - Imin

Based on the calculation for cases 1 to 4, Tof can be summarized as shown in Table 2.

Table 2. Compensation value of AC ripple-reduction algorithm.

Requirement Toff
T'mid > 0 roff - Imm"rllrnﬁ
Lnp >0 Fois <0 [Pmid| > ’Off‘ Foff = T T
Tmial < |Fogf ’ Foff = %
Fo >0 il > |ross| Foff = Tt T
Lnp <0 i < rOff’ Toff = %
T'mid < 0 rOff = m

However, in all regions, the sum of 7, and 7, ;r should be maintained within the range [—1,1].
Therefore, the range of each on-time ratio is determined as follows:

=1+ |rpin| < foff < 1— |7 max| (26)

The final on-time ratio and the injected .5 can be derived as:

J— 2‘ m 1
r:;,ref - Vdcjjlink SINWE+Toff
2. m 3
r;ref = Vd:“nk sin(wt —120°) + 1o ¢f (27)
*

Tooref = Vi’i’;’i’nk sin(wt +120°) +7,¢¢

The reconfigured reference voltage obtained using the proposed method makes the average value
of the neutral-point current for a switching period (<I;;;>7) equal to zero, thus suppressing the ac
ripple in the neutral-point of the DC-link.

4. Simulation Results

Simulations were performed to verify the effectiveness of the proposed method using the tool
PSIM. The simulation circuit of the drive system is given in Figure 2. The simulation parameters are
indicated in Table 3. The output fundamental frequency is 60 Hz and the output Ml is 0.75. Cj. i is
the series value of C;.1 and Cy».
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Table 3. Simulation parameters.

Parameter Value
Vrms-line 220 (V)
Cactink 10 (uF)

Rload 10 (Q)
Liod 1.6 (mH)
Cpsc 15 (uF)
LDSC 15 (mH)

Figure 9 shows the simulation results of the three-level inverter without any proposed control
scheme. The input current total harmonic distortion (THD) is 68.76%, which is not suitable for the
limits of the THD specified by IEC 61000, which is the international standard for input current. In
addition, Figure 9d shows the DC-link voltage of the three-level inverter. The neutral-point voltage
ripple is very large when the algorithm is not applied. As a result, the output current THD is 17.78%,
as shown in Figure 9c.

LVl = =
800 Veictonke Veon

(a) o0

400

[A] IK 3 1

20 f\/ /\'
AN/ \/ \,
o vw OGO

vl

400

300

(d) 200
100

0.2 0.21 0.22 0.23 0.24 0.25
Time (s)

Figure 9. Simulation results of three-level inverter without the proposed control scheme. (a) DC-link
voltage and the voltage Vip,; (b) input current of the three-level inverter; (c) output current of the
three-level inverter; and (d) DC-link voltage of the three-level inverter.

Figure 10a shows the DC-link voltage and the voltage Vio;. Veon was set to 800 V using DSC
control. Therefore, the quality of the input currents is improved and the THD becomes 37.57%.
However, because the ripple of the neutral-point voltage was not reduced, the quality of the output
currents was slightly improved. As a result, there is no improvement in the THD of the output currents,
which is 14.44%.
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Figure 10. Simulation results of three-level inverter with DSC control. (a) DC-link voltage and the
voltage V¢op; (b) input current of the three-level inverter; (c) output current of the three-level inverter;
and (d) DC-link voltage of the three-level inverter.

However, because the ripple of the neutral-point voltage was not reduced, the quality of the
output currents was slightly improved. As a result, there is no improvement in the THD of the output

currents, which is 14.44%.

Figure 11 shows the simulation results obtained for the proposed algorithm, DSC, and the AC
ripple-reduction. The DC-link voltage of the three-level inverter is shown in Figure 11d. The AC
ripple-reduction algorithm reduces the neutral-point voltage. Finally, the THD of the input current is
36.42% and the output current is 5.14%.

800
(a) s00
400

LA
20

(b} o
-20
(Al
20

(© o
-20
v
400
300

(d) 200
100
0

vl

M ™ “\fh"\-’m‘u"'\"‘:mwi“w"\‘”w‘*\mfﬁ;fm W

O
1'7 R {.\' ]: T I’:f(‘—h’nl\ L’wm

A,K\‘f(f\f{ N, {"\V!’\-\M VT V'S
N ‘\_,"‘\M/

A AAAA AN

0.2 0.21 0.22 0.23 0.24 0.25
Time (s)

Figure 11. Simulation results of three-level inverter with proposed algorithm. (a) DC-link voltage
and the voltage V.y; (b) input current of the three-level inverter; (c) output current of the three-level

inverter; and (d) DC-link vol

tage of the three-level inverter.
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The simulation results of the transition operations are shown in Figure 12. The proposed algorithm
is applied at 0.25 s. As the control scheme changes, the input-output currents are well controlled.
Owing to the control scheme change, the quality of the input-output currents is improved and the ac
ripple of the neutral-point voltage is reduced.

800 ‘ /\A VA
() e00 :
W osssrongrver

400

I !.5‘ Iy V. de-link I con
r / ﬂ s — 1
o ﬁw J J WW AT v

@ /g \7\\(/ \b/\ \
o WMWW J

0.2 B 4 0.26 0.28 0.3
Time (s)

Figure 12. Simulation results of dynamic stability by applying the proposed method. (a) DC-link
voltage and the voltage Vio,; (b) input current of the three-level inverter; (c) output current of the
three-level inverter; and (d) DC-link voltage of the three-level inverter.

Finally, the THD of the input currents is improved from 67.50% to 36.51% by using the DSC.
Furthermore, the THD of the output currents is improved from to 16.44% to 4.46% by using the ac
ripple-reduction algorithm.

5. Experimental Results

The experimental results are presented to verify the feasibility of the proposed design and control
method in actual implementation. Figure 13 shows the hardware set-up including a control board,
NPC inverter and three-phase diode rectifier. The control board consists of a digital signal processor
(DSP) TMS320F2833 (Texas Instruments Co., Dallas, TX, USA) and other peripherals. The parameters
of the experiment are the same as the simulation, as indicated in Table 3.

Figure 14 shows the experimental results obtained for the case using the conventional sinusoidal
pulse-width modulation (SPWM). The DC-link voltage fluctuates at 538 V owing to the presence of the
diode rectifier. Because the DSC controls are not performed, Vo, has the same magnitude as V. .
Therefore, the input current quality is very low and the THD is 59.07%. Figure 14b shows the capacitor
voltage in the DC-link and the output current. In the three-level NPC inverter, the output pole voltage
is not constant because of the fluctuating neutral-point voltage, so the output current is distorted. V5.1
and V., have voltage ripples of about 250 V, and the THD of the output current is 13.2%.
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Figure 13. Experimental hardware set-up: Control board, three-phase diode rectifier, three-level

NPC inverter.
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Figure 14. Experimental results of three-level inverter without proposed control scheme. (a) DC-link
voltage and the input current; and (b) DC-link voltage and the output current of the three-level inverter.

Figure 15 shows the experimental waveforms for the DSC control. Figure 15a shows the DC-link
voltage and the input current. Because the DSC in not applied, the THD of the input current is equal to

53.18%. Figure 15b shows the waveform after the ac ripple-reduction algorithm is applied.

Figure 16 shows the experimental waveforms obtained when only the ac ripple-reduction control
is applied. Figure 16a shows the DC-link voltage and the input current. The DC-link voltage fluctuates
at 538 V because of the diode rectifier, as shown in Figure 14a. V., was set to 800 V. DSC control
improves the quality of the input currents, and the THD is improved to 35.68%. Moreover, the
magnitude of the AC ripple in the neutral-point voltage was reduced to 50 V. As a result, the output
pole voltage becomes more constant and the quality of the output currents is improved. In this case,

the THD of the output currents is decreased to 2.13%.
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Figure 15. Experimental results of three-level inverter with DSC control scheme. (a) DC-link voltage
and the input current; and (b) DC-link voltage and the output current of the three-level inverter.
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Figure 16. Experimental results of three-level inverter with AC ripple-reduction algorithm. (a) DC-link
voltage and the input current; and (b) DC-link voltage and the output current of the three-level inverter.

Figure 17 shows the output waveform of the proposed algorithm. The DSC circuit improves the
quality of the input current. In addition, the ac ripple-reduction of the neutral-point voltage algorithm
improves the quality of the output current. As shown in Figure 17a, the voltage of V., was maintained
at 800 V. In this case, the THD of the input current is 35.78%. Figure 17b shows the voltages V.1 and
Vco after applying the ac ripple-reduction algorithm, and the distortion of the output current was
reduced. The output current THD is equal to 1.75%.



Energies 2018, 11, 1435 16 of 18

Veon (400V/div)

WD SERER T N S

N N AV AP NS P AN N Py NP N Y YNNG NP S NPy |

@ - Ve (00V/div) 1 157div)

S i WM

— | - = — - — -
W j._,ﬁ'\nrl A AN |

v YV AN AN L

AR A
i N\

10ms/div
oy

/
Var (100V/div) Vi (100V/div)  ILnbe 15A/d1v)

/\ a N
X\\ M ﬁ\/\ AN
ANVAWZ /\ \/\ WA ./

10ms/div

Figure 17. Experimental results of three-level inverter with AC ripple-reduction algorithm. (a) DC-link
voltage and the input current; and (b) DC-link voltage and the output current of the three-level inverter.

6. Conclusions

In this paper, a method to improve the input—output currents quality for a three-level NPC inverter
was proposed. It is desirable to replace a high-capacity electrolytic capacitor with a small-capacity
film capacitor because of problems with the former with respect to life-time, reliability, and system
volume. To reduce the capacitance and volume of the capacitors, the electrolytic capacitors were
replaced by film capacitors. Small-capacity inverter systems are beneficial for applications such as
fans, pumps, and compressors, where the load variation is not significant. Two control methods were
applied to solve the problem caused by small capacitance values. The proposed method calculates the
compensation value to reduce the neutral-point voltage ripple. This value is added to the reference
signal considering the current section of the reference voltage. As a result, the output current THD
was improved from 13.2% to 1.75%. In addition, the DSC circuit was used in this paper. The input
current THD was improved from 59.07% to 35.78% in order to satisfy the 4th grade of IEC 61,000. The
feasibility of the proposed system was demonstrated by performing both simulations and experiment.
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