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ABSTRACT The voltage balancing problem of dc-link capacitors in multilevel diode-clamped converters
limits their applications in industry under some operational conditions. Virtual vector PWM (VVPWM)
can attain the capacitor voltage balancing under all operational conditions but it increases the complexity
and computation burden by increasing the number of triangular regions for higher levels as compared to
conventional space vector PWM (CSVPWM). In order to solve the dc-link voltage balancing problem in
four-level diode-clamped converter, a simplified virtual vector PWM (SVVPWM) algorithm is proposed
in this paper. The pair of new virtual vectors is defined in such a way that the space vector diagram of
four level converter is transformed into three level space vector diagram that lessens the complexity and
computation burden by decreasing the number of triangular regions. The balancing of capacitor voltages can
be achieved by using proposed SVVPWM algorithm for the whole range of modulation index load power
factor. Steady state and dynamic performance of the SVVPWM algorithm is verified through the simulations
and experiments.

INDEX TERMS Capacitor voltage balancing, conventional space vector PWM (CSVPWM), diode-clamped

converter, simplified virtual vector PWM (SVVPWM).

I. INTRODUCTION

Three-Level diode-clamped converter (3L-DCC) is one of the
most commonly used converter topology amid all multilevel
converter topologies because of its simple structure, easy
control and high power density [1]-[5]. However, it suf-
fers from an inherent problem of capacitor voltage imbal-
ance. The available solutions in literature to control the
capacitor voltages of 3L-DCC can be classified into two
categories. The first solution is to use an auxiliary hard-
ware circuit that increases the complexity and the cost of
the circuit [6]—[8]. The second solution is to modify the
modulation algorithm to balance the voltage of dc-link capac-
itors, which can be further divided into two types: 1) carrier-
based PWM (CBPWM) [9]-[14] and 2) space vector PWM
(SVPWM) [15]-[20]. CBPWM technique is the simplest
in implementation as compared with SVPWM algorithm.
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By using CBPWM, duty cycles of the switches can be gen-
erated directly from the reference voltage vectors. CBPWM
technique can be implemented equivalently as SVPWM by
injecting the proper amount of zero-sequence voltages to
control the neutral point voltage. In case of SVPWM, the
capacitor voltages can be balanced by adjusting the applica-
tion time of redundant switching states according to the devia-
tion in dc-link capacitor voltages. A similar approach known
as discontinuous PWM (DPWM) is presented in [21]-[25]
to reduce the switching losses by selecting the application
time of redundant switching states between 0 and 1. How-
ever, aforementioned techniques may cause of generating
a low frequency oscillations in neutral point voltage under
some operational conditions [26]. The solution of this prob-
lem is proposed in [27], [28] by introducing a new virtual
vector based PWM (VVPWM) algorithm for three level
inverter. The capacitor voltages can be balanced by using
VVPWM algorithm for all operational conditions (modula-
tion index and load power factor) by assuring the addition of
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three-phase currents is equal to zero. Reference [29] presents
a closed-loop control to boost up the balancing process under
perturbations. A carrier-based equivalent PWM method is
presented in [30], [31] to reduce the computation burden
and simple implementation. VVPWM technique can attain
the capacitor voltage balancing of three level inverter for
all operational conditions but it faces few problems such
as higher switching frequency of the devices that increases
the switching losses, higher dv/dt and increase in THD as
compared conventional SVPWM (CSVPWM) [32]. Some
hybrid PWM techniques have been presented in [32]-[34] to
sum up the advantages of SVPWM and VVPWM techniques.

However, it is very hard to balance the capacitor voltages
of the inverters with more than three levels. By using con-
ventional modulation algorithms for multilevel converters,
the outer capacitors overcharge and inner capacitors dis-
charge completely and the converter behaves like a three level
converter. Theoretical limits for four-level diode-clamped
converter (4L-DCC) is presented in [35] and an optimal
modulation algorithm is proposed to lessen the switching
losses. It has been proven that, by using existing modulation
algorithms, the voltage balancing of dc-link capacitors cannot
be achieved for large modulation index (m>0.55) and higher
power factor.

The voltage balancing capability of 4L-DCC can be
enhanced by making a back-to-back connections of convert-
ers [36]. Another approach to solve the voltage balancing
problem of 4L-DCC is presented in [37] by adding an addi-
tional hardware balance circuit, which not only make the
system more complex but also increases the cost of the circuit.
The model-predictive control (MPC) is an another solution
proposed in literature to balance the capacitor voltages of
4L-DCC [38]-[40]. The dynamic behavior of MPC is very
fast and it is capable of adding nonlinearities and constraints
in its cost function to balance the voltages of dc-link capaci-
tors. Moreover, the control signals can be generated directly
by the controller without the modulator. However, the main
drawbacks of MPC method include inconstant switch-
ing frequency, uncertain weighing coefficients and large
computations.

To break the limits presented in [35], VVPWM has been
extended to four-level and n-level inverters [41], [42]. How-
ever, compared to CSVPWM, VVPWM algorithm increases
the complexity and computation burden due to rapid increase
in triangular regions in each sector for higher level inverters.
For example, there are nine triangular regions in each sector
of space vector (SV) diagram of 4L-CSVPWM while the SV
diagram of 4L-VVPWM has thirteen triangular regions [41].
So, the subsectors identification and the computation of duty
ratios have become more complicated by using VVPWM for
higher levels of DCCs [43]. Later on, several carrier-based
equivalent implementation of VVPWM applicable to any
number of levels have been reported in literature [44]-[47].
Phase duty-ratios are obtained with simple mathematical
expressions without identifying the location of the refer-
ence vector in space vector diagram. These mathematical
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expressions only depends upon the length and angle of the
reference vector. This significantly reduces the computation
time with the expense of increase in THD and switching
transitions comparing conventional PWM methods.

Although some simplified methods have been discussed in
literature [20], [48], [49] to reduce the computation burden
by introducing the coordinate transformation for the mul-
tilevel SVPWM algorithms such as 60° coordinate system,
120° coordinate system and imaginary coordinate system.
But their purpose is only to simplify the calculation burden
of multilevel SVPWM algorithms. The final effect is the
same as the CSVPWM. So, these method cannot achieve the
neutral point voltage balancing of 4L-DCCs under full range
of modulation index load power factor.

Another approach based on a novel carrier-overlapped
PWM (COPWM) is presented in [50], which assures the
voltage balancing of the dc-link capacitors naturally for
4L-DCC by eliminating the dc currents from the neutral
points. In order to solve the voltage balancing problem, a sim-
plified virtual vector PWM (SVVPWM) algorithm was pro-
posed in [51] and the performance of the SVVPWM method
is validated in this paper through experiments under steady
state and dynamic conditions for the whole range of modula-
tion index and load power factor. SVVPWM algorithm can
naturally achieve the voltage balancing of bottom and top
capacitor in each fundamental cycle and the voltage balancing
of middle capacitor in each switching cycle when operating
under steady state and ideal conditions. Under transient and
non-ideal conditions, the application time of the redundant
switching states can be adjusted to balance the voltage of
bottom and top capacitors and the duty ratio of the switching
signals can be adjusted to balance the voltage of middle
capacitor. Moreover, a comparison based on the computation
time between CSVPWM and proposed SVVPWM method is
presented in this paper to demonstrate the performance of
this method. A digital signal controller TMS320F28335 is
used to perform the computations that is programmed by
C code. The proposed SVVPWM takes significantly less time
as compared CSVPWM.

Additionally, by using the SVVPWM algorithm, the trans-
formation of four level space vector diagram to three level
space vector diagram simplifies the duty ratio calculations
and subsector identification. This method is suitable for any
four-level neutral-point clamped (NPC) topologies such as
active NPC [52] and m-Type NPC [53] etc. All of them
can be equivalent to a single-pole multi-throw switch so
they have the same neutral-point voltage balance problem.
The diode-clamped topology in this paper is chosen
as an example to demonstrate the effectiveness of this
method.

The organization of the paper is as follows. The proposed
SVVPWM method for 4L-DCC is explained in Section II.
Section III presents the balancing method of the dc-link
capacitor voltages based on the proposed SVVPWM algo-
rithm in detail under steady state and transient conditions.
Section IV and Section V presents the simulation and
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experiment results respectively. Finally, Section VI summa-
rizes the conclusions of the paper.

Il. PROPOSED SVVPWM ALGORITHM

Fig. 1 shows the schematic diagram of 4L-DCC. There
are six equally rated complementary switches (Sy1-Sy3 and
S)’Cl—S "+3) and six diodes in each leg of 4L-DCC. Capacitors
C1-C3 are dc-link capacitors and the currents iy; and iyz
are the neutral point currents that flowing through the N;
and N; respectively. Table 1 shows the relationship between
neutral point currents, switching devices and output voltage
levels. Suppose that the value of dc-link voltage is 3E, which
is equally distributed among the top, middle and bottom
capacitors to attain the four voltage levels. i, represents the
three-phase currents i,, ip Or i..
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FIGURE 1. Four-level diode clamped converter.

TABLE 1. Switching states of 4L-DCC.

Sa Se Ss Sw S S iv iw Voltage Level
1 1 1 0 0 0 0 0 3E
1 1 0 0 0 1 0 iy 2E
1 0 0 0 1 1 iy 0 E
0 0 0 1 1 1 0 0 0

The first sector of the conventional SV diagram of
4L-DCC is shown in Fig. 2. There are ten voltage vectors
and nine triangular regions. Each voltage vector is made of
one or more switching states depending upon its position in
the SV diagram. Fig. 2 also depicts the corresponding neutral
point currents iy and iy, for each switching state. To assure
the voltage balancing of dc-link capacitors, the average of
these neutral point currents [iy; iy2] should be zero in a
certain period. In CSVPWM, for lower modulation indexes
(m<0.55), an optimum combination of available redundant
switching states can be chosen to make these neutral point
current zero but it is not promising for the whole range of
load power factors and modulation indexes [35].
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To overcome this problem, a new combination of virtual
vectors is introduced as shown in Fig. 2 for first sector.
This new algorithm is named as a simplified virtual vector
PWM (SVVPWM) because it transformed the four level
SV diagram to three level SV diagram. The voltage vectors
for new virtual SV diagram are defined by

Vo = (000) = (VVV) = (333) = (0, 0)o, 5
Vsi = (V00) = 3VV)

L 100+ 2200 = 311+ L 322) = (i 0)
U050 =501+ G220 =13, o.p
(VV0) = (33V)
1 1 1
S(110) 4 5(220) = 5(331)
; ﬁ)

a,B

Vsa

1
~-(332)= | =,
50332 (4 4

1 1 9 3.3
Vi1 = 3V0) = z(310)+ 5(320) = (Z’ \Tf>
.p

Vi1 = (300) = (3, 0)a,p

3 343
Vip = (330) = (5’ T) ey
a.p
From (1) it can be seen that virtual vector Vg is obtained by
combing two virtual switching states “V00” and “3VV”. Vir-
tual state “V00” is a combination of two adjacent switching
states “/00” and “200”. Both switching states have different
neutral point currents that flowing through the neutral points
Nj and N, and cause the unbalancing of the neutral point volt-
age. So a new virtual switching state is defined by combining
these two states that generates the same neutral-point currents
in1 and iyz. So these virtual switching state will have no
influence on the voltage of the middle dc-link capacitor and
the capacitor voltage can be balanced naturally in a carrier
cycle. The voltage of the top and bottom capacitors can be
balanced by adjusting the application time of the redundant
switching states “V00” and “3VV”.
Three nearest virtual vectors in each switching cycle can be
used to synthesize the Vs and the on-times of all the virtual
vectors can be computed by

V"éff Ts = Vl I1+V2t2+V3t3 } (2)

Ts=t+hH+13

where V1-V3 represents the three nearest virtual vectors and
t1-t3 represents the on-time for the corresponding vectors.
The subsector identification is simple as conventional three
level SV diagram. Suppose that, the Vs is locating in trian-
gular region 3 as shown in Fig. 2. The duty ratios for the three
nearest virtual vectors are:

1
dvoo = dzyy = E(dvm)
d300 = dvL1, dzvo = dvui 3)

The switching sequence ““V00-300-3V0-3VV”’ of region 3 for
three phases is shown in Fig. 3 by using real dc-link
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FIGURE 2. Transformation of four level conventional space vector diagram to simplified virtual vector diagram.
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FIGURE 3. Switching sequence for region 3 of the first sector.

connections “1”” and “2” instead of using “V”* for clear
demonstration. The chosen switching states order is such
that the sequence of connection of each phase to the dc-link
points is the symmetrical. For example, the sequence of
connections of phase A is 1-2-3-2-1. The actual switching
sequence depends on the duration time of state “V”’. The
ideal sequence for phase B should be 0-(1-2)-(1-2-1)-(2-1)-0,
which increases the number of switching transitions. In order
to reduce the number of switching transitions, the same volt-
age levels within a phase are grouped to acquire the simple
symmetrical connection 0-1-2-1-0. The average output phase
voltage remain unchanged.

Ill. VOLTAGE BALANCING OF DC-LINK CAPACITORS
Assume that the neutral point currents iy and iy; are flowing
out of the nodes Ny and N; respectively (positive direction)
to understand the deviation of capacitor voltages. When the
level of output voltage is 2E, the current iy, flows through
the node N, and causes the discharging of middle capacitor
and charging of the top capacitor and when the level of output
voltage is E, the current ix| flows through the node N; and
causes the discharging of the bottom capacitor and charging
of middle capacitor. The neutral point currents in terms of
capacitor currents can be expressed as:

INt = ic2 —icl @)
IN2 = i3 —ic2
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Suppose that the capacitances of the dc-link capacitors are
C1 = Cy = C3 = C, the deviation of the capacitor voltages
due to neutral point currents in a switching cycle can be
expressed as:

2 int - T 1 in2 - T
AVeop = —= . _ 2.
‘T3 ( c ) 3 ( c )

s AT
AVes = L. (in1 éNZ) s

iNl'Ts 2 iNZ'TS
()3 (22

It can be noticed in (5) that the deviation of the middle
capacitor voltage is only hinge on the difference between the
currents iy and iy> and the deviation in voltages of the top
and bottom capacitors hinge on the addition of the currents
in1 and iy>. As shown in Fig. 4, each switching state in new
virtual SV diagram has similar neutral point currents iy and
in2 that flows through the node N; and N,. So the difference
of these currents will be zero for every switching cycle that
certifies the natural balancing of middle capacitor voltage.
Similarly, the sum of the neutral point currents will be zero for
every fundamental cycle that certifies the natural balancing of
top and bottom capacitor voltages which is same as 3L-DCC.
For example, when the modulation index is less than 0.5, the
reference vector rotates between triangles A1-F1. The sum

&)

W[ =W =

AVes =

030 V30[ia ia] 330
0 0]

TR
LiSES

[0 0] V03 [ia ia] [0 0]

FIGURE 4. Four level simplified virtual vector diagram.
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of the iy and iy is zero for this fundamental cycle. So, the
voltage of the dc-link capacitors can be naturally balanced
by using SVVPWM technique under ideal and steady state
conditions. However, for non-ideal and transient conditions
the capacitor voltages may deviate if a closed-loop control is
not used. The balancing of the capacitor voltages can be done
in two steps.

A. BALANCING OF THE TOP AND BOTTOM CAPACITOR
VOLTAGES

The proposed SVVPWM transforms the four-level SV dia-
gram to three-level SV diagram. So, the voltage balancing
process of the top and bottom capacitors becomes similar to
three-level NPC converter. The capacitor voltage balancing of
three-level NPC converter has been discussed in many papers
in literature [16, 32, 54, 55]. The relation between the neutral
point currents and voltage ripple caused by the NP currents
in top and bottom capacitors can be derived from (5) and
expressed as:

_ (vt +éN2)TS _ lNI(’:TS ©)
which means that the deviation of the top and bottom dc-link
capacitor voltages depends on the sum of the two NP currents.
In order to eliminate the voltage deviation in the top and bot-
tom DC-link capacitors in a carrier period, according to (6),
an average total NP current is expected to be generated. The
demanded total NP current can be written as:

iNP,ref = e Ves) @)

Ts

where V1 and V3 are the top and bottom capacitor voltages
and C is the capacitance of dc-link capacitors. The average
NP current should be zero in each switching cycle to maintain
the voltage balancing between top and bottom capacitors.
Suppose that the reference vector Vs is locating in region 3
in Fig. 2. The nearest three vectors are Vg, Vys1, and Vi 1.
Voltage vector V1 has no influence on the NP current only
vector Vg1 and V), influence the NP current. The switching
sequence (V00-300-3V0-3VV) is used to synthesize the refer-
ence vector. Small vector Vg; is composed of two redundant
switching states “V00” and “3VV”. The switching states
“V00” and “3VV” have similar line to line voltages but
opposite neutral point currents that flows through the node N
and N; as shown in Fig. 4. The non-zero NP current caused by
vector V1 can be compensated by adjusting the application
time of redundant switching states “V00” and “3VV”. The
duty ratio for the states “V00” and “3VV”’ can be defined as:

dvoo = kdysi }

AVe3—AVe1=Ve3—Vei

dsyy = (1 — k)dys) ®)

where dys; is the duty ratio of the small vector and
k € [0, 1] is sharing factor between two redundant switching
states. The calculation of the sharing factor k is similar to
3L-DCC which has been discussed in detail in [32]. Con-
sidering the positive direction of phase current (i, > 0),
if (Ve3 > V) switching state “3VV” is used to decrease
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the top capacitor voltage and increase the bottom capacitor
voltage and vice versa for the reverse direction of current.
By adjusting the application time of these switching states
according to the voltage deviation in top and bottom capaci-
tors, the capacitor voltage can be balanced.

B. BALANCING OF THE MIDDLE CAPACITOR VOLTAGE
The deviation of the middle capacitor voltage is only hinge
on the difference between the currents iy and iy; as shown
in (5). The average NP currents of a single phase in a carrier
period can be written as follows:

iNlx = (dx2 - dxl)-ix
iN2x = (dx3 - dx2)-ix

C))

According to (5) and (9), the average current flowing out
of the middle dc-link capacitor can be expressed as:

icox = IN1x — IN2x = (deZ - dxl - dx3)-ix (10)

It means that the voltage of the middle dc-link capacitor can
regulate by adjusting the duty ratio (dy|- dy3) of the switching
signals for the switches (Sy1-Sy3) respectively by keeping the
sum of the duty ratios unchanged. To understand the voltage
balancing process of middle capacitor, consider the switching
sequence “000-VOO-VVO-VVV” of region 1 and switching
sequence “V00-300-3V0-3VV” of region 3 in Fig. 2 as an
example. It can be noticed that in first sequence, phase
A is rotating between the connections “0” and “V” and
in second sequence phase A is rotating between connections
“V> and “3”. So, there will be two cases while considering
iy > 0and Vcy < E as an example. Where E is the nominal
value of the capacitor voltages.

1) when 0 < V< V, switch Sy3 remains off in a carrier
cycle. So the duty ratio dy3 is always zero. The duty ratio
dy2 of switching signal for Sy, can be decreased by a factor
Adx and the duty ratio dy; of switching signal for Sy; can be
increased by a factor Adx to charge the middle capacitor as
shown in Fig. 5 (a).

2) when V' < Ve < 3, duty ratio of the switching signal
for Sy1 is always 1. The duty ratio dy, of switching signal for
Sy2 can be decreased by a factor Adx and the duty ratio d,3
of switching signal for Sy3 can be increased by a factor Adx
to charge the middle capacitor as shown in Fig. 5 (b).

The value of factor Adx is a small value that is limited to
10% of the duty ratios of the switches (Syx1-Sy3). The duty
ratio adjustment of the switches is summarized in Table 2 for
Va2 < E. By this way, the middle capacitor can be charged
in each switching period without effecting the average output
voltage.

A proportional-integral (PI) regulator is used to obtain the
factor Adx which must saturate to ensure dy 1, dyp and d,3 no
larger than 1 or no less than 0 as shown in Fig. 6. However,
the value of the factor Adx is different for all the three phases
but only one PI regulator is required to calculate Adx. After
adjusting the duty ratios (dy1 - dy3) of the switching signals
for the switches (Sx1-Sx3) to control the voltage of middle
dc-link capacitor, the new duty ratios cam be defined as
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(a)

(b)

FIGURE 5. Voltage balancing of middle dc-link capacitor: (a) 0 < Vrefx <

V, (b) V < Vrefx < 3.

g v

VC2 + PI
E _

saturation

FIGURE 6. The diagram of obtaining the factor Adx.

TABLE 2. Duty ratio adjustment of the switches for V¢, <E.

Vrex ix dx3 de dxl
>0 0 - Ay + A
0<Vip<V
<0 0 + Age - Ay
>0 + Ay - Agy 0
V<Vip<3
Iy < 0 - Adx + Adx 0

dy + d,, d2 +d;, and d\3 + d_, respectively. The voltage
of the middle capacitor can be well balanced by using this

method under transient conditions.

IV. SIMULATION RESULTS

MATLAB/Simulink is used to perform the simulations to
validate the proposed SVVPWM algorithm. The parameters
used in simulations of 4L-DCC by using the proposed mod-
ulation algorithm are given in Table 3.

TABLE 3. Parameters used for simulations.

Parameters Value

DC-link Voltage Udc=600V
DC-link Capacitors C=C,=C;= 1410uF
Switching frequency  SkHz

R-L load R=22 ohm, L=1mH

The performance of 4L-DCC is shown in Fig. 7 by using
SVVPWM algorithm through capacitor voltages, three-phase
currents, line voltage and phase voltage under modulation
index m = 0.95. It can be seen that the voltages of dc-link
capacitors are totally balanced at 200V under this condition of
higher power factor and large modulation index. The detailed
waveform of line and phase voltages is shown in Fig. 8. It can
be observed that there are four levels in the phase voltage
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FIGURE 7. Simulation results for m = 0.95: (a) capacitor voltage,
(b) three-phase currents, (c) line voltage, (d) phase voltage.
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FIGURE 8. Detailed waveform for m = 0.95: (a) line voltage, (b) phase
voltage.

Line Voltage (V)
o

-5

=1
S

Phase Voltage (V)

and seven levels in the line voltages. The performance of the
4L-DCC is shown in Fig. 9 and Fig. 10 with same power
factor under lower modulation index m = 0.4. It can be seen
in detailed waveform of phase and line voltages that there are
four levels in phase voltage while due to the lower modulation
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FIGURE 9. Simulation results for m = 0.4: (a) capacitor voltage,
(b) three-phase currents, (c) line voltage, (d) phase voltage.
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FIGURE 10. Detailed waveform for m = 0.4: (a) line voltage, (b) phase
voltage.

index the levels of line voltage are decreased to five levels.
The voltages of dc-link capacitors remain well balanced for
the whole range of modulation index.

Fig. 11 shows the harmonic spectrums of phase cur-
rent, line voltage and phase voltage with modulation index
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FIGURE 11. Harmonic spectrums for m = 0.95: (a) phase current, (b) line
voltage, (c) phase voltage.

m = (0.95. The total harmonic distortions (THDs) of phase
current, line voltage and phase voltage is 14.12%, 35.13% and
55.13% respectively. As shown in Fig. 11, the harmonics are
around the switching frequency and multiple of the switching
frequency. So these harmonics can be filtered out easily.

To authenticate the effectiveness of the proposed
algorithm, the simulations are performed under the dynamic
conditions by changing the reference value of the capacitor
voltages. As shown in Fig. 12, the voltage of all three capaci-
tors are fully controlled at the reference value when 7 < 0.3s.
Att = 0.3s, the voltages of the top and bottom capacitors are
step changed to 10% lower and 10% higher than the reference
value respectively. It can be observed that the voltage of
the top capacitor are gradually decreased and stabilized at
new given value and the voltage of bottom capacitor are
increased to new reference value while the voltage of the
middle capacitor remains balanced. At ¢ = 0.6s, the voltage
of the top and bottom capacitor are step changed to their
original values.

A similar phenomena is applied to the middle dc-link
capacitor. The value of the middle capacitor voltage is step
changed to 10% lower than the reference values at r = 0.3s.
The voltage of the middle capacitor is decreased to new
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FIGURE 12. Dynamic simulation performance of SVWPWM by step change
in reference voltage of: (a) top and bottom capacitor, (b) middle capacitor.

reference value while the voltages of the top and bottom
capacitor are fully balanced during this process. At t = 0.6s,
the value of middle capacitor voltage is set back to its original
value.

To further demonstrate the dynamic performance of the
proposed algorithm, Fig. 13 shows the simulation results
by making a step change in modulation index. When time

202
s et e GGG
198 1
0.25 0.l3 0.55 0.4
Time (S)

FIGURE 13. Dynamic simulation performance of SYWPWM by step change
in modulation index.
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t < 0.3s, inverter is operating at modulation index m = 0.3.
At ¢t = 0.3s, modulation index is changed from 0.3 to 0.6 and
then at + = (0.35s, modulation index is changed from 0.6 to
0.9. It can be seen that the capacitor voltages are completely
balanced for the whole range of modulation index and the
levels in line voltage are changing accordingly.

In order to demonstrate the performance of proposed
algorithm, a simulation based comparison of line voltage
THD, switching transitions and computation time has been
performed between SVVPWM, carrier-based VVPWM and
COPWM for 4L-DCC. Fig. 14 shows the total number of
switching transitions of COPWM, carrier-based VVPWM
and SVVPWM for m = 0.9. It can be seen that the switch-
ing transitions of COPWM, -carrier-based VVPWM and
SVVPWM are 8,540, 11,700 and 10,000 respectively for
Is time period. The number of switching transitions of
SVVPWM is lower than VVPWM and higher than COPWM.
Fig. 15 shows the harmonics performance of line voltage for
aforementioned three modulation methods. The harmonics
performance of SVVPWM is almost similar to COPWM
and higher than VVPWM for higher modulation index. The
computation time of 50 line cycles is calculated in a personal
computer with an Intel core i5 processor at 2.6GHz and
4GB RAM by using MATLAB 9.4. The computation time
of SVVPWM, carrier-based VVPWM and COPWM is 38.7s,
11.4s and 9.5s respectively, which depends on simulation
environment. The computation time of SVVPWM is larger
than carrier-based VVPWM because the phase duty-ratios of
VVPWM are obtained with simple mathematical expressions
without identifying the location of the reference vector in
space vector diagram. These mathematical expressions only
depends upon the length and angle of the reference vector.
This significantly reduces the computation time with the
expense of increase in THD and switching transitions.

12000
11,700
— SVWPWM —— COPWM —— VVPWM
10000 T
8000 -S40
6000
4000 |
2000
0 ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1
Time(S)

FIGURE 14. The number of switching transitions of COPWM, VVPWM
and SVVPWM.

V. EXPERIMENTAL RESULTS

The feasibility of the proposed modulation algorithm has
been validated through the experiments also by developing
a low power prototype of three-phase 4L-DCC as shown
in Fig. 16. The main control board consists of FPGA of Altera
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TABLE 4. Parameters used for experiments.

Value

Udc=200V
C=C,=C5= 1410pF
Switching frequency  SkHz

Parameters
DC-link Voltage
DC-link Capacitors

R-L load R=22 ohm, L=2mH
200
* — SVVPWI
—de— COPWM
150 —— VVPWM
=
o 100
T
=
50 —e————_
= o |

03 04 05 06 07 08 09 1
modulation index (m)

FIGURE 15. The comparison of the harmonic performances of different
modulation methods.

DSP control board

Three-Phase RL load

FIGURE 16. Experimental setup for 4L-DCC.

MAX 10 series and a DSP chip TMS320F28335. DSP chip is
used to calculate three phase reference signals and to execute
the voltage balancing algorithm. CPLD EPM1270T144CS5 is
used to generate the carriers and PWM signals are produced
by comparing the carrier with reference signals. The circuit
parameters used to analyze the performance of 4L-DCC using
proposed algorithm are illustrated in Table 4. Fig. 17 and
Fig. 18 show the experiment results under steady-state con-
ditions for capacitor voltages, three phase currents, line volt-
age and phase voltage with modulation index m = 0.9 and
m = 0.4 for higher power factor PF = 0.999 and lower power
factor PF = (0.268 respectively. It can be seen that the voltage
of the three dc-link capacitors are totally balanced for the
whole range of modulation indexes and power factors that
is not possible by using CSVPWM [35]. Fig. 19 shows the
detailed waveform of the line and phase voltages. It can be
observed that there are seven levels in the line voltages and
four levels in the phase voltage similar to simulation results.

180904
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FIGURE 17. Steady state experimental results under higher power factor
PF = 0.999 for: (a) m = 0.9, (b) m = 0.4.

3.000ms/div]

T Vel Ve Ne3 (§vidivy ]

FIGURE 18. Steady state experimental results under lower power factor
PF = 0.268 for: (@) m = 0.9, (b) m = 0.4.

To authenticate the effectiveness of the proposed algo-
rithm, the experiments are performed under the dynamic
conditions by changing the reference value of the capacitor
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FIGURE 19. Detailed waveform under m = 0.9: (a) phase voltage, (b) line
voltage.
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FIGURE 20. Dynamic experimental performance of SWWPWM by step
change in reference voltage of: (a) top and bottom capacitors, (b) middle
capacitor.

voltages. As shown in Fig. 20, the voltage of all three
capacitors are fully controlled at the reference value when
t < 2s. Att = 2s, the voltages of the bottom and top capacitors
are step changed to 20% lower and 20% higher than the
reference value respectively. The voltage of the top capacitor
are gradually increased and stabilized at new given value
and the voltage of bottom capacitor are decreased to new
reference value while the voltage of the middle capacitor
remains balanced. At ¢ = 8s, the voltage of the top and bottom
capacitor are step changed to their original values. A similar
phenomena is applied to the middle dc-link capacitor. The
value of the middle capacitor voltage is step changed to 20%
higher than the reference values at + = 2s. The voltage of the
middle capacitor is increased to new reference value while the
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FIGURE 21. Dynamic experimental result under sudden change in load.

—tn
S

Jia,ib,ic (SAMV)

A I
.’.'u’i'l'tt't'u'm'u'u'o'n'l'nn'fu'fui'n'l'u'um'l'.'u'n‘a'o':'t'nf¢'|'sa'nu'|';"'|’;'h'|

-10

< m=0.5 >l m=20.9 =I
T3 Nel] Ve Ve3 (3Vidiv) ]| [10[000ms/div]
)
T T N s R SO PO T O o
-10
(150V/di
0 H
.

FIGURE 22. Dynamic performance of SVWWPWM under pure inductive load
by making a step change in modulation index.
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FIGURE 23. Dynamic experimental performance of CSYPWM by step
change in modulation index.

voltages of the top and bottom capacitor are fully balanced
during this process. At t = 7.5s, the value of middle capac-
itor voltage is set back to its original value. Fig. 21 shows
the voltage balancing performance of SVVPWM with m =
1.0 when the load resistance is suddenly changed from
light load to full load. Although there exists a small volt-
age drift due to the dynamic load change, the three dc-link
capacitor voltages remain balanced during the whole process.
To prove the voltage balancing ability of the proposed modu-
lation algorithm for pure inductive load, the experiments are
also performed under dynamic conditions by making a step
change in modulation index from m = 0.5 to m = 0.9 as
shown in Fig. 22. It can be seen that the capacitor voltages
are completely balanced for the whole range of modula-
tion index. This demonstrates the effectiveness of proposed
SVVPWM algorithm under pure inductive load.
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FIGURE 24. Dynamic experimental performance of SYWPWM by step
change in modulation index.
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FIGURE 25. Harmonic spectrums for m = 0.9: (a) phase current, (b) line
voltage, (c) phase voltage.

The dynamic experimental results for CSVPWM and
SVVPWM are also added and compared by making a step
change in modulation index. When the modulation index
is changed from 0.5 to 0.7, the neutral point voltages lost
balance quickly under CSVPWM as shown in Fig. 23, while
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FIGURE 26. The experimental computation time of: (a) CSVPWM,
(b) SVWWPWM.

remain balanced under SVVPWM as shown in Fig. 24 which
demonstrate the effectiveness of proposed SVVPWM algo-
rithm. Fig. 25 shows the harmonic spectrums of phase cur-
rent, line voltage and phase voltage with modulation index
m =0.9. The total harmonic distortions (THDs) of phase
current, line voltage and phase voltage is 5.60%, 30.12% and
63.06% respectively. As shown in Fig. 25, the harmonics are
around the switching frequency and multiple of the switching
frequency. So these harmonics can be filtered out easily.

The performance of the proposed algorithm is also verified
by comparing the computation time of SVVPWM technique
with CSVPWM technique for 4L-DCC. A digital signal
controller TMS320F28335 is used to perform the computa-
tions that is programmed by C code. The calculation time is
obtained by setting a GPIO pin high at the beginning of the
algorithm and low at the end of the algorithm. The calculation
time for CSVPWM and SVVPWM is shown in Fig. 26. T is
the sampling time and ¢ is the time required for the calcu-
lations. The computation time for the CSVPWM is 21.16us
and the computation time for SVVPWM is 10.60us. The pro-
posed SVVPWM takes significantly less time as compared
CSVPWM. The experiment results under steady state and
dynamic conditions are validating the proposed SVVPWM
algorithm.

VI. CONCLUSION

In order to solve the voltage balancing problem of 4L-DCC,
a simplified virtual vector PWM (SVVPWM) algorithm is
proposed in this paper. SVVPWM algorithm can naturally
achieve the voltage balancing of bottom and top capacitor
in each fundamental cycle and the voltage balancing of mid-
dle capacitor in each switching cycle when operating under
steady state and ideal conditions. Under transient and non-
ideal conditions, the application time of the redundant switch-
ing states can be adjusted to balance the voltage of bottom
and top capacitors and the duty ratio of the switching signals
can be adjusted to balance the voltage of middle capacitor.
Additionally, by using the SVVPWM algorithm, the trans-
formation of four level space vector diagram to three level
space vector diagram simplifies the duty ratio calculations
and subsector identification. The simulation and experiment
results proves the validity of the proposed modulation algo-
rithm for the whole range of power factor and modulation
index. This method is suitable for any four-level neutral-point
clamped (NPC) topologies such as active NPC and w-Type
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NPC converters and can be extended further for higher level
NPC converters.
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