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Abstract

This paper presents a general dc-link voltage balancing control method for multilevel inverters
based on a generalized space vector pulse width modulation (SVPWM) scheme, with no require-
ments for additional auxiliary- power circuits. The SVPWM scheme generates all the available
switching states and switching sequences based on two simple mappings, and calculates the duty
cycles simply as for a two level SVPWM, thus independent of the level of the inverter. The
optimal switching sequence and optimal duty cycles for dc-link voltage balancing control are
provided in the paper. Because all the measured signals are instantaneous values, the dc-link
voltage balancing control method in the paper is suitable for any load without any assumption
on the output current waveforms. The dc-link voltage balancing control in the paper is effective
even when the capacitances of the dc-link capacitors of the multilevel inverter are not strictly
equal or the voltage of the dc source of the multilevel inverter is fluctuating. Simulation results
for a five-level inverter are given.
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Abstract— This paper presents a general dc-link voltage
balancing control method for multilevel inverters based on a
generalized space vector pulse width modulation (SVPWM)
scheme, with no requirements for additional auxiliary-power
circuits. The SVPWM scheme generates all the available
switching states and switching sequences based on two simple
mappings, and calculates the duty cycles simply as for a two-
level SVPWM, thus independent of the level of the inverter. The
optimal switching sequence and optimal duty cycles for dc-link
voltage balancing control are provided in the paper. Because all
the measured signals are instantaneous values, the dc-link
voltage balancing control method in the paper is suitable for any
load without any assumption on the output current waveforms.
The dc-link voltage balancing control in the paper is effective
even when the capacitances of the dc-link capacitors of the
multilevel inverter are not strictly equal or the voltage of the dc
source of the multilevel inverter is fluctuating. Simulation
results for a five-level inverter are given.
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I. INTRODUCTION

Multilevel inverters are widely used in high-power high-
voltage applications due to their advantageous performance
compared to two-level inverters, including reduced voltage
stress on the power devices, lower harmonics, lower
instantaneous rate of voltage change (dv/df), and lower
common-mode voltage. However, the inherent voltage drift of
the dc-link capacitors of the multilevel inverters degrades the
performance of these inverters, in terms of higher voltage
stress on the power devices, higher harmonics, higher
electromagnetic interference, and so on. If the voltage drift of
the dc-link capacitors is not limited during the operation of the
multilevel inverter, then the unbalances of dc-link capacitor
voltages even lead to the collapse of some of these voltages
under a wide range of operating conditions.

Several approaches have been introduced to balance the
dc-link voltages of multilevel inverters [1]-[7]. One approach
[1] is realized by introducing extra circuits, which requires
additional power hardware, and increases the cost and
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complexity of the system. In another approach [2], the dc-link
voltage balancing is achieved with the help of another active
power circuit in the system, which, however, is not suitable
for a stand-alone multilevel inverter.

The third approach is implemented by modifying the
switching pattern of the inverter according to a control
strategy to balance the dc-link capacitor voltages, which has
recently attracted more and more attention because no
additional hardware is needed. Space vector pulse width
modulation (SVPWM), also called space vector modulation
(SVM), is the most attractive modulation strategy for
multilevel inverters because SVPWM provides significant
flexibility for optimizing switching waveforms, and because
SVPWM is well suitable for digital signal processor
implementation. One dc-link voltage balancing control
method based on virtual-space-vector PWM is introduced in
[3]. However, the sum of the three phase currents is required
to be zero, which limits the application of the method, and the
complexity of the method will increase dramatically with any
increase of the inverter level. Some other SVPWM dec-link
voltage balancing schemes based on objective function
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Fig.1. Block diagram of a multilevel inverter



optimization can be found in [4] [5]. In [4] and [5], the sum of
the instantaneous currents of the dc-link capacitors are
assumed to be zero, which is not accurate when the voltage of
the dc source is fluctuating or the capacitances of the dc-link
capacitors are not strictly equal. Moreover, the duty cycles of
the space vectors are fixed, which cannot provide the best
control effect for all operation conditions.

This paper, based on a fast and generalized SVPWM
scheme developed in this paper, proposes a new general dc-
link voltage balancing method for multilevel inverters, which
has the following significant advantages compared with prior
approaches: 1) The method provides the optimal switching
sequence and the corresponding optimal duty cycles for dc-
link voltage balancing; 2) The method is suitable for any load
without any assumption on the output current waveforms; 3)
No additional auxiliary-power circuits are required; 4) The
method is effective even when the dc-link capacitances are not
strictly equal or the voltage of the dc source fluctuates; 5) The
method is suitable for any level of inverter.

The rest of the paper is organized as follows: Section II
describes the SVPWM scheme developed in this paper in
detail. Section III proposes the dc-link voltage balancing
control. Section IV shows the simulation results for a five-
level inverter. Finally, Section V concludes the paper.

II.  SVPWM SCHEME

For an n-level inverter shown in Fig. 1, the output voltage
vector in this paper is defined as

2 4
Vour =(m—=1) " (ug +uy - el3" + Ue - e]gn:) (D

where u,, uy, and u. are the instantaneous output voltages of
phases A, B, and C of the inverter, respectively, relative to
the negative terminal of the dc source.

When assuming the voltages on the dc-link capacitors are
identical, the output voltage vector in (1) becomes
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Fig. 2. Space vector diagram of a five-level inverter
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where V. is voltage of the DC source, and S,, Sp, and S, (S,,
Sp, Sc=0, 1, ...n-1) are the switching states of phases A, B, and
C, respectively. Accordingly, the voltage of each dc-link
capacitor is Vy/(n-1), and the output voltages of phase A, B,
and C relative to the negative terminal of the dc source are
SaVad(n-1), SyVyd/(n-1), and S.Vy/(n-1), respectively. A
space vector diagram containing all the output vectors and the
corresponding switching states of the inverter can be
generated based on (2). For example, Fig. 2 shows the space
vector diagram of a five-level inverter calculated in this way,
where V. is the reference vector, and V,,;, V,,, and V3 are the
corresponding nearest three vectors. It is the task of the
SVPWM scheme to synthesize the reference vector as follows

T, 'Vref =d; Vy+dy Viyp+ds Vs 3)
where T is the commanded switching cycle, and d,, d,, and d;

are the duty cycle times of V,, V», and V3, respectively.

The SVPWM scheme proposed in this paper is briefly
shown in Fig. 3. It can generate all the available switching
sequences and the corresponding duty cycles according to the
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Fig. 3. SVPWM proposed in the paper: (a) Location method for the
reference vector; (b)-(c) Two switching sequence modes.



reference voltage and the commanded switching frequency for
any level of inverter. For purposes of demonstration, the
SVPWM is illustrated based on the space vector diagram of
the five-level inverter shown in Fig. 2. The detailed method of
generating the switching sequences and calculating the
corresponding duty cycles is introduced as follows.

A. Switching Sequences

First, the reference vector V. is represented as the sum of
a set of “vertex vectors” and a “remainder vector” V., as
shown in Fig. 3(a). A vertex vector is a vector connecting two
adjacent vertices. The vertex vectors connect the center
vertex of the n-level space-vector diagram H, with a first
vertex of the “modulation triangle” (composed by the vertices
of the nearest three vectors Vy, Vi, and V5 as in Fig. 2). The
remainder vector is the vector enclosed by the modulation
triangle and connecting the first vertex of the modulation
triangle with the reference vector.

One way to determine the set of vertex vectors is based on
determining a set of nested hexagons H,, H,, and H;
enclosing the reference vector, as shown in Fig. 3(a). Each
nested hexagon corresponds to a specific level ranging from
(n-1) to a second level, and centers at the vertex of a vertex
vector. For instance, the method of selecting the nested (n-1)-
level hexagon H, is shown in Fig. 4. There are six vertex
vectors available for the nested (n-1)-level hexagon H, i.e.,
the one blue solid arrow and five blue dashed arrows as
shown in Fig. 4. The actual vertex vector, among the six
available vertex vectors, for the nested (n-1)-level hexagon
H, is the one that the angle between this vertex vector and the
reference vector is the smallest. In this way, the first vertex
vector can be selected, as the blue solid arrow shown in Fig.
4, and the origin of the reference vector is shifted to the
vertex of the selected vertex vector, which is the center vertex
of the selected nested hexagon H,. The other nested hexagons
can be selected in a similar way.

Second, based on a function s of the angle ¢ of the
corresponding vertex vector relative to axis A, determine
iteratively the switching states at the vertices for each vertex
vector in the set of vertex vectors, starting from the present
switching states of the inverter at the origin vertex, by
modifying (increase or decrease by 1) a corresponding phase
of the present switching states to produce the switching states

Fig. 4. Selection of the vertex vectors and nested hexagons

of the inverter at the first vertex of the modulation triangle.
The function s of the angle ¢ (0 < ¢ < 2m) of the
corresponding vertex vector can be described as

s=3¢p/m+1 “)

The rule of the modification for the switching states and
the corresponding phase, called the “first mapping”, is shown
in Table I, in which the letters A, B, or C means the switching
state of phase A, B, or C respectively that needs to be
modified. The up-arrow “1” means the switching state needs
to increase by 1, and the down-arrow “|” means the
switching state needs to decrease by 1. Since the switching
states for each phase of an n-level inverter can only have a
value from O to (r-1) by definition in this paper, a modified
switching state needs to be excluded when the corresponding
switching state of phase A, B, or C is larger than (n-1) or less
than 0. Based on the first mapping in Table I, the switching
states at the first vertex of the modulation triangle and the
vertices of the vertex vectors are shown in Fig. 3(a), which
can be verified by comparing it with the space vector diagram
of the five-level inverter shown in Fig. 2.

TABLE L. RULE OF THE MODIFICATION OF SWITCHING STATES (FIRST MAPPING)
s 1 2 3 4 5 6
Modification AT C| B Al (&) B]
TABLE II.  RULE OF THE DETERMINATION OF SWITCHING SEQUENCES (SECOND MAPPING)
reg
1 2 3 4 5 6
mode=1 ABCtT(L) CAB|(U) BCAT(L) ABC|(U) CAB1(L) BCA|(U)
mode=2 | CBA|(U) BACT(L) ACB|(U) CBAT(L) BAC/(U) ACB1(L)




Finally, based on the switching states obtained at the first
vertex of the modulation triangle, determine the switching
sequences according to the switching sequence mode (mode)
and the region number (reg) of the modulation triangle in the
nested 2-level hexagon H; as shown in Fig. 3(b)-(c). There are
two switching sequence modes in the paper, i.e., the switching
sequence mode is mode=1 when the switching sequence is
counterclockwise selected as in Fig. 3(b), and the switching
sequence mode is mode=2 when the switching sequence is
clockwise selected as in Fig. 3(c).

The rule of determining the switching sequence, called the
“second mapping”, is shown in Table II, in which each
element of the mapping includes 5 sub-elements. The letter A,
B, or C means the switching state of phase A, B, or C is to be
modified sequentially. The symbol “1” or “|” means the state
of the corresponding phase is increased by 1 or decreased by
1, respectively. In the space vector diagram, the redundant
switching states at each vertex are listed decreasingly from top
to bottom corresponding to the switching states of phase A, as
shown in Fig. 2. The letter “L” in the parentheses represents
the word “lower” and means the first switching state at the
first vertex of the modulation triangle should not be the top
one, and the letter “U” in the parentheses represents the word
“upper” and means the first switching state at the first vertex
of the modulation triangle should not be the bottom one.
Based on the second mapping, the switching sequences
according to different switching sequence modes are 142 —
141 — 041 — 031 (mode=1) and 031 — 041 — 141 — 142
(mode=2), as shown in Fig. 3(b)-(c), and the accuracy of the
switching sequences can be verified by comparison with the
space vector diagram shown in Fig. 2.

When the modulation index of the reference vector is low
(the magnitude of the reference vector is relatively small),
there will be more than one available switching sequence
generated by the SVPWM scheme, which provides significant
flexibility to optimize switching patterns. For example, a
reference vector V. with low modulation index, and the
corresponding remainder vector V. are shown in Fig. 5.
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Fig. 5. A reference vector with low modulation index

There are two switching sequences generated by the proposed
SVPWM scheme for each switching sequence mode, e.g., 022
— 023 — 123 — 133 and 133 — 134 — 234 — 244 for
mode=1.

In summary, the first mapping and the second mapping are
suitable for any level inverter and any reference vectors with
any modulation indexes, and the second mapping can be
conveniently extended to meet other specific requirements,
e.g., symmetric switching sequences. This will be introduced
in further papers.

B. Calculation of the Duty Cycles

Based on the remainder vector V., as shown in Fig.
3(b)-(c), the duty cycles of the “nearest three vectors” are
determined as for a two-level SVPWM, thus independent of
the level of the inverter.

Equation (3) now becomes
T Vier = Vae - (T e/T807UT 4 T, - eI 76073y (5)

where T is the commanded switching cycle; reg is the region
number of the modulation triangle in the nested 2-level
hexagon Hj as shown in Fig. 3(b)-(c); Ty and T, are the duty
cycle times of V; and V,, respectively.

Finally, the duty cycles, as shown in Fig. 6, are obtained
as follows
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Fig. 6. Switching sequence and duty cycles
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Fig. 7. Currents for an n-level inverter
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where V. and V,, represent the real and imaginary part of
Vet I Vy., respectively; Ty is the total duty cycle for the vectors
from the center vertex of the n-level hexagon H to the center
vertex of the nested 2-level hexagon Hj, or called the “zero
vectors” in this paper.

In the proposed new SVPWM scheme, two switching
states at the center vertex of the nested 2-level hexagon are
used, and each switching state represents a “zero vector”. The
duty cycles Ty, and Ty, of the two zero vectors can be freely
adjusted as long as the following equation is met

Too =Ty —Tor, 0=Typ; =T (7

In summary, based on the proposed new SVPWM
scheme, both the switching sequence and the duty cycles of
the zero vectors can be adjusted to control the dc-link

capacitor voltages, which will be introduced in the next
section in detail.

III. DC-LINK VOLTAGE BALANCING CONTROL

Fig. 7 shows the relationship between the currents of the
multilevel inverter in Fig. 1. The voltages across the dc-link
capacitors (at a sampling time f, ) from bottom to top are
named as vy, vy, ...W., and the expected voltage, i.e., the
voltage after a switching cycle T, across the k™ capacitor Cy
(k=1, 2, ...n-1),1s

Vi = Vg + leqoy  Ts/Cr (8)

where fc(k) is the average value of iy, (the instantaneous
current of capacitor Cy) during one switching cycle, and is
given by

to+Ts .
~ [T o dt ©)

iy = A
Equations (8) and (9) reveal that the voltages of the dc-link
capacitors can be controlled by controlling their currents.

The currents of the dc-link capacitors are determined by
the input currents i, iy, iy, ...I,.; of the inverter and the output
current ig. of the dc source, as shown in Fig. 1 and Fig. 7. The
relationship is

icr = io +igc (10)

and

(1)

letkr1) = be) T ik

where k=1, 2, ...n-2. Equations (10) and (11) yield the current
of capacitor Cy (k=1, 2, ...n-1) as

ic(k) = 27’%;10 Ly + igc (12)

As shown in Fig. 7 (the equivalent “switches” Sy, Swb,
and S, are closed only if the switching states of phases A, B,
and C are equal to k, respectively), the currents iy, iy, s, ...In1
are determined by the output currents i,, i,, and i, and the
switching states of the inverter as [6]

b, =6(S,— k) ig+6(S,—k) i, +8(S,—k)-i. (13)

where k=0, 1, 2, ...n-1, and 6(70)=0, 6(0)=1.

Assuming i,, i,, and i, are constant during a switching
cycle, the average values of the currents iy, i, iz, ...in
according to the switching sequence in Fig. 6 are obtained
from (9), (12) and (13) as

- 1
I = Fs{

[6(Sa01 — K)ig + 6(Spor — k)ip + 8(Scor — K)ic] - Tos
+[8(S — k)ig + 6(Spy — k)i +6(S,y — k)il Ty
H[6(Su — k)ig + 6(Spy —k)iy + 6(S,, — k)i T,

H[8(Sa02 — K)ig + 6(Spor — K)ip + (S0 — K)ic] - Toa}

= B Tor + Baiy (14)

where k=0, 1, 2, ...n-1, and Sy and S, are constants
according to a certain switching sequence, and defined by

ﬁl(k) = %{[6(5,101 —k) — 5(Sa02 -k]- Iq
+[8(Spo1 — k) — 6(Spoz — K] - 1y,
+[6(Sco1 — k) — 8(Seo2 — k)] - i}
Batey = - {[6(Sar — k)i + 6(Spy — k)i + 8(Sey — k)i 1T,
H8(Say — Kig + 8(Sy — )iy + 8(S.5 — I,

+[8(Sa02 = K)ig + 8(Spoz — K)ip + 8(Scoz — k)ic]To}
(15)

Substituting (14) and (12) into (8), yields the voltage of
the k™ capacitor Cy (k=1, 2, ...n-1) after a switching cycle as

Vi = Ao Tor + @ (16)
where a ) and o, are constants, and
a — EZk—l ﬁ
1(k) — Ck m=0 P1(m)
(I7)

T. _ Ts .
k) = Vi + C—;Z;%Jo Boom) + C—ilac

The dc-link voltage balancing control can be achieved by
minimizing the following objective function J representing
the variation of the voltages across the dc-link capacitors

n—1 ! Vdc z
= w2t (v — )
J=2i=1 0k (Ve — 25

(18)
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Fig. 8. Simulation results: power factor PF=0.35; modulation index m=0.8 (#/7<6) and m=0.5 (t/T>6)

where 0,>0 (k=1, 2, ...n-1) is a weighting factor, which is
taken into consideration for the case that the capacitances of
the dc-link capacitors are not strictly equal, and can be
selected as oy=1 if all the dc-link capacitors are identical. The
purpose of minimizing the objective function J in (18) is to
force the voltages across the dc-link capacitors to be as close
as possible to the desired value, i.e., Vg /(n-1).

For a certain switching sequence as in Fig. 6, the value of
vy, is determined by Ty, as in (16), and the optimal Ty, which
makes the derivative of J to be zero (dJ/dT,;=0) and thus
minimizes the objective function J, can be obtained as

- |4
SRz Lo (an —ﬂ“j)%(k)

Topt ==

19)

n-—1 2
Zk=1%k % (k)

Considering a feasible value of Ty, is required to be 0<
Ty < Ty, the optimal Ty according to the certain switching
sequence as in Fig. 6 is

Toper if (0< Tppr < Tp);
0, if (Tope < 0);
To, if (Tope > To).

When the modulation index of the reference vector is low,
as shown in Fig. 5 for example, there will be more than one
switching sequence available for each switching sequence
mode. The optimal 7j; and the corresponding J for each
switching sequence can be calculated by (20) and (18), and
finally the optimal switching sequence is the one producing
the smallest J.

Toy = (20)

IV. RESULTS

Finally, simulation results for a five-level inverter are
shown in Fig. 8.

In the simulation, a 5% fluctuation is added to the dc
source, as shown in Fig. 8(d); the initial voltages across the
dc-link capacitors are intentionally non-identical as 1.1Vy/4,
1.2Vy/4, 0.95Vy4/4, and 0.75Vy /4, as shown in Fig. 8(c); the
dc-link capacitors are 1.05pu, 1.02pu, 0.98pu, and 0.95pu (the



weighting factors in (18) are all selected to be 1); the power
factor of the load is PF=0.35; and the modulation index of the
reference vector is 0.8 and 0.5 respectively for the first half
and the latter half of the time.

Based on the proposed dc-link voltage balancing control
method, the voltages across the dc-link capacitors are shown
in Fig. 8(c), which reveals that the voltages across the dc-link
capacitors are driven to the desired value for both the first
half and the latter half of the time, even when the dc-link
capacitances are not identical and the voltage of the dc source
is fluctuating.

Fig. 8(c) also shows that the proposed dc-link voltage
balancing control is more effective when the modulation
index of reference voltage is lower (modulation index m=0.5)
than that when the modulation index of reference voltage is
higher (modulation index m=0.8). The reason is that when the
modulation index of reference voltage is low, there will be
more available switching sequences for selection, as shown in
Fig. 5, which provide more flexibility for optimizing the
switching patterns.

V. CONCLUSIONS

This paper proposes a new general dc-link voltage
balancing control method for multilevel inverters, which has
the following significant advantages: 1) The method provides
the optimal switching sequence and the corresponding optimal
duty cycles for dc-link voltage balancing; 2) The method is
suitable for any load without any assumption on the output
current waveforms; 3) No additional auxiliary-power circuits

are required; 4) The method is effective even when the dc-link
capacitances are not identical or the voltage of the dc source is
fluctuating; 5) The method is suitable for any level of inverter.

REFERENCES

[11 A. Jouanne, S. Dai, H. Zhang, “A multilevel inverter approach
providing DC-link balancing, ride-through enhancement, and common-
mode voltage elimination,” IEEE Trans. Ind. Electron., vol. 49, no. 4,
pp- 739-745, Aug. 2002.

[2] A. Yazdani, R. Iravani, “Dynamic model and control of the NPC based
back-to-back HVDC system,” IEEE Trans. Power Delivery, vol. 21, no.
1, pp. 414-424, Jan. 2006.

[31 S. Busquets, S. Alepuz, J. Rocabert, J. Bordonau, “Pulsewidth
Modulations for the Comprehensive Capacitor Voltage Balance of n-
Level Three-Leg Diode Clamped Converters,” IEEE Trans. Power
Electron., vol. 24, no. 5, pp. 1364-1375, 2009.

[4] M. Saeedifard, R. Iravani, J. Pou, “Analysis and Control of DC-
Capacitor-Voltage-Drift Phenomenon of a Passive Front-End Five-
Level Converter”, IEEE Trans. Ind. Electron., vol. 54, no. 6, pp. 3255-
3266, 2007.

[S] L. Su, L. Ning, W. Yue, “A Novel DC Voltage Balancing Scheme of
Five-Level Converters Based on Reference-Decomposition SVPWM,”
Applied Power Electronics Conference and Exposition (APEC), Feb.
2012, pp. 1597-1603.

[6] Q. Song, W. Liu, Q. Yu, X. Xie, Z. Wang, “A neutral-point potential
balancing algorithm for three-level NPC inverters using analytically
injected  zero-sequence voltage,” Applied Power Electronics
Conference and Exposition (APEC), Feb. 2003, pp. 228-233.

[71 N. Celanovic, D. Borojevic, “A comprehensive study of neutral-point
voltage balancing problem in three-level neutral-point-clamped voltage
source PWM inverters,” Applied Power Electronics Conference and
Exposition (APEC), Mar. 1999, pp. 535-541.



	Title Page
	Title Page
	page 2


	Generalized DC-link Voltage Balancing Control Method for Multilevel Inverters
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7


