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Abstract—A grid-tied cascaded H-bridge (CHB) converter with
low frequency modulation techniques needs to meet power quality
standards. At the same time, the effects of grid voltage harmon-
ics on CHB converter’s current harmonics must be considered in
the modulation techniques. Furthermore, the dc link voltages of
grid-tied converters need to be regulated. In this paper, an asym-
metric selective harmonic current mitigation-pulse width modula-
tion (PWM) (ASHCM-PWM) technique is used to meet the current
harmonic limits of a power quality standard with the effects of grid
voltage harmonics considered in the equation set of its optimiza-
tion process. A voltage balancing technique based on the average
power of each cell is derived to regulate the dc link voltages of
the CHB converters without using dc voltage sensors. By using the
proposed voltage balancing technique, the CHB converters do not
need complicated dc link voltage controllers. As a result, the cost
and complexity of the grid-tied converters can be significantly re-
duced. Simulations and experiments were conducted on a 7-level
grid-tied CHB converter to validate the proposed voltage balancing
technique with ASHCM-PWM modulation technique.

Index Terms—Grid-tied cascaded H-bridge (CHB) converter,
passive filter, selective harmonic current mitigation (SHCM)-pulse
width modulation (PWM), sensor-less voltage balancing technique.

I. INTRODUCTION

THE cascaded H-bridge (CHB) multilevel topology plays
an important role in medium- and high-power electronics

applications due to its low switching frequency, small filter size,
low harmonics, low total harmonic distortion, and low elec-
tromagnetic interference [1], [2]. The CHB multilevel topology
with isolated dc loads is used in many applications such as hybrid
CHB multilevel inverter motor drive [3], CHB converter based
solid-state transformer [4], CHB STATCOM [5], and CHB elec-
trical vehicle charging station [6]. For these applications, the dc
link voltage sensors, which are costly, are necessary to balance
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Fig. 1. Configuration of an i-cell, (2i + 1)-level single-phase grid-tied CHB
converter.

the dc link voltages of each H-bridge cell. Removing dc link
voltage sensors and balancing the dc link voltages can signifi-
cantly reduce the cost and increase reliability of the system.

Fig. 1 shows a grid-tied, i-cell CHB ac/dc rectifier that has
2i + 1 output voltage levels [6]. The grid voltage is vac−Grid .
The dc link voltages are equal to Vdc . The input voltage of CHB
is vac−CHB , which is equal to the sum of the input voltages
of all H-bridge cells. The current iin flows from the power
grid to CHB through two inductances, line inductance Lgrid ,
and the inductance Lf of the coupling (filtering) inductor. The
total inductance between the grid voltage source vac−Grid and
the CHB rectifier is L = Lgrid + Lf . The dc links of the CHB
ac/dc converter can be connected to any loads. For example,
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they could be connected to isolated dc/dc converters used to
charge energy storage [6]. Therefore, they can be modeled as an
identical load resistance RL1 = RL2 = · · · = RLi . In unequal
dc load condition, RL1 , RL2 , . . . , RLi (which are not equal to
each other) can be connected to the dc link of each cell.

The main objectives of a grid-tied CHB converter in Fig. 1
are [7], [8]: 1) meet the current limits of power quality standards
even there are grid voltage harmonics, which introduce current
harmonics in iin , 2) control the injected active and reactive
power to the power grid for the CHB converter, 3) regulate the
dc link voltages of the CHB converter for all H-bridge cells, and
4) achieve high efficiency. The modulation technique, which is
used for the grid-tied CHB converter, must achieve all the goals
above [7], [8]. In actual applications, the modulation technique
and a closed loop controller, which are used for the grid-tied
CHB converter, should be able to achieve all the goals above
[7], [8].

The modulation techniques of CHB converters can be cate-
gorized to two groups: 1) low frequency modulation techniques
such as selective harmonic elimination-pulse width modula-
tion (PWM) (SHE-PWM) [7], [9], [10], selective harmonic
mitigation-PWM (SHM-PWM) [11]–[13], and selective har-
monic current mitigation-PWM SHCM-PWM) [8]; 2) high
frequency modulation techniques such as phase-shift PWM
(PSPWM) [14], [15], and space vector modulation [16]. High
frequency modulation techniques have high switching loss. As
a result, the efficiency of CHB converter can be significantly
reduced [2]. Therefore, it is promising to use low frequency
modulation techniques for grid-tied CHB converters [2].

The low frequency SHE-PWM technique for a grid-tied CHB
converter has been proposed in [17]. Even though this tech-
nique can eliminate the low-order injected current harmonics
and regulate the dc link voltages of the CHB, the number of cur-
rent/voltage harmonics, which can be eliminated, is very low
[8]. So, for high-order noneliminated harmonics, an expensive
and bulky passive filter must be used.

The SHM-PWM technique has been introduced in [11]. The
voltage harmonics can meet the limits of voltage standards in
dc/ac CHB inverters. However, this technique may not meet the
current harmonic standards, such as IEEE-519 [18], even for
low-order current harmonics [8].

To meet the current harmonic limits of power quality stan-
dards in full harmonic spectrum, SHCM-PWM technique has
been introduced in [8]. In addition, the effects of grid voltage
harmonics on current harmonics are considered in the design-
ing of optimization and coupling inductance. However, the dc
link voltage regulation was not investigated in [8] and [19].
The dc link voltage balancing technique for CHB converters
with low-frequency SHE-PWM has been proposed in [17] and
[20]. However, some switching transitions are used to balance
dc link voltage; as a result, the number of switching transi-
tions that can be used to eliminate current harmonics is reduced.
This leads to lower number of harmonics that can be elimi-
nated. In [7], a new voltage balancing technique by using the
redundant states of CHB converters to generate different volt-
age levels has been proposed. By using the technique in [7],
the number of switching transitions used to eliminate low-order

harmonics is not reduced. However, i number of dc voltage
sensors and a complex control algorithm must be used to bal-
ance the dc link voltages of the grid-tied i-cell CHB converter.
This increases the cost and complexity of the grid-tied CHB
converter.

In [21], a voltage balancing technique was proposed based
on the modeling of unequal dc link voltages of STATCOM. Al-
though the proposed technique can control the unequal dc link
loads, it needs dc voltage sensors. In addition, the proposed tech-
nique is not suitable for active rectifier because the dc resistance
must be estimated for different loads.

A phase shift SHE-PWM technique for the five-level H-bridge
neutral-point-clamped (5L HNPC) topology have been intro-
duced in [22] to calculate the solutions of SHE-PWM technique
in wider modulation index range and balance the dc link volt-
ages of 5L HNPC converters. Even though this technique can
find the solutions of SHE-PWM technique in wide range and
balance the dc link voltages, it needs dc link voltage sensor for
each dc bus and one current sensor for input to predict the cur-
rents that flow through all capacitors. As a result, the cost of
converter is increased but the reliability is reduced.

The symmetric SHCM-PWM technique was proposed in [8].
In this technique, instead of only eliminating the low-order volt-
age harmonics of CHB converters as used in SHE-PWM or only
mitigating the low-order voltage harmonics of CHB converters
as used in SHM-PWM, the current harmonics of grid-tied con-
verters are mitigated to meet the current harmonic requirements
of IEEE 519. The objective of SHCM-PWM technique is not
the same as SHE-PWM and SHM-PWM even though voltage of
CHB is controlled. In another words, in SHE-PWM and SHM-
PWM techniques, the objective is to control the CHB voltage
harmonics, but the current harmonics of grid-tied converters are
not guaranteed to meet current harmonic standards. However, in
the proposed SHCM-PWM technique, the objective is to con-
trol the current harmonics by controlling CHB voltages to meet
current harmonic requirements which are critical requirements
for grid-tied converters.

The asymmetric selective harmonic elimination (ASHE) tech-
nique for the CHB converter has been discussed in [23], [24].
The main advantages of ASHE-PWM are that it can control both
the magnitudes and phases of the voltage harmonics of the CHB
converter. On the other hand, for conventional SHE-PWM, only
the magnitudes, but not the phases, of the CHB voltage harmon-
ics can be controlled. The ASHE-PWM can also improve the
solution range of the CHB converter [24].

In this paper, a dc link voltage balancing technique is proposed
with an asymmetric SHCM-PWM (ASHCM-PWM) technique.
The advantages of the ASHCM-PWM technique over conven-
tional SHCM-PWM techniques [8] to control active power flow-
ing through the grid-tied CHB converter are first discussed. Sec-
ond, a dc link voltage balancing technique is proposed based on
ASHCM-PWM to remove any dc link voltage sensors. The pro-
posed technique can regulate the dc link voltages of grid-tied
CHB converters for equal and unequal dc loads without reducing
the number of switching transitions used for current harmonic
mitigation. The proposed voltage balancing technique can also
meet the current harmonic limits of the IEEE-519 standard. The
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Fig. 2. Voltage waveform of a CHB converter using SHCM-PWM.

proposed technique can be simply implemented for three-phase
grid-tied converters. Because the proposed voltage balancing
technique calculates the average power of each cell and based
on it to regulate the dc link voltages for CHB cells, the complex-
ity and cost of controller and sensors are significantly reduced.
In addition, the reliability of grid-tied converters is improved
because no dc link voltage sensors are used to balance the dc
link voltages.

II. ASHCM-PWM TECHNIQUE

Both conventional SHCM-PWM and the proposed ASHCM-
PWM techniques use Fourier series to obtain voltage harmonics
of vac−CHB . The voltages and currents on the ac side of the
single-phase CHB active rectifier in Fig. 1, when the parasitic
resistance R of inductor L is ignored, can be written as

Vac−Grid−1∠θGrid = jωLIin−1∠θin + Vac−CHB−1∠θCHB

(1)

Vac−Grid−h∠θGrid−h = jωhLIin−h∠θin−h

+ Vac−CHB−h∠θCHB−h , h = 3, 5 . . . ,
(2)

|Iin−h | =
∣
∣
∣
∣

Vac−Grid−h∠θGrid−h − Vac−CHB−h∠θCHB−h

ωhL

∣
∣
∣
∣

(3)

where Vac−Grid−1 , Vac−CHB−1 , and Iin−1 are the fundamen-
tal frequency grid voltage, CHB voltage, and the injected cur-
rent of the CHB active rectifier, respectively. θCHB , θGrid ,
and θin are the fundamental frequency phases of CHB volt-
age, grid voltage, and injected current, respectively. In this
paper, the phase of grid voltage is taken as the reference.
Therefore, θGrid is always zero. When h > 1, Vac−Grid−h ,
Vac−CHB−h , and Iin−h are the grid voltage harmonics, CHB
voltage harmonics, and injected current harmonics, respectively.
θCHB−h , θGrid−h , and θin−h are the phases of CHB voltage,
grid voltage, and injected current, respectively, for the hth-order
harmonic.

For the half-period vac−CHB waveform in Figs. 2 and 3, the
number of switching transitions in a half-period of the kth cell is
2nk , k = 1, 2, . . . , i. Moreover, the total number of switching
transitions in a half-period is equal to K = 2(n1 + n2 + n3 +
. . . + ni). The waveform in Fig. 2 is odd quarter wave symmetry,

Fig. 3. Voltage waveform of a CHB converter using ASHCM-PWM.

so its Fourier series equations are

vac−CHB(t) =
∞∑

h=1

4Vdc

πh
(bh sin (hωt + hθCHB))

bh =
(

cos (hθ11) − cos (hθ12) + . . . . + cos
(

hθi(ni )
))

.
(4)

In (4), because the waveform is odd quarter wave symmetry,
the even-order harmonics of bh are zero. The constraints of
switching angles is [8]

0 < θ11 < θ12 < . . . . < θi(ni ) <
π

2
. (5)

As will be discussed in the next section, to balance the dc
link voltages of the CHB converter, the average power of all
cells must be controlled because the loads of cells can be equal
or unequal. In Fig. 2, because the switching order in the first-
quarter period is cell1 , cell2 , . . . , celli, the switching order in
the second-quarter period is celli , celli−1 , . . . , cell1, and the
two switching angles of each cell are symmetric to phase π/2,
when there is active power flowing through the CHB converter
and the dc link voltages of all cells are Vdc , with the constraints
of (5), the following condition holds for the CHB converter

⎧

⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Pavg−Cell−1 ≥ Pavg−Cell−2 ≥ · · · ≥ Pavg−Cell−i ,

when − π

2
≤ (θGrid − θin) ≤ π

2
Pavg−Cell−1 ≤ Pavg−Cell−2 ≤ · · · ≤ Pavg−Cell−i ,

when
π

2
≤ (θGrid − θin) ≤ 3π

2

(6)

where Pavg−Cell−k is the average power of kth cell of CHB
converter. The equal relationship between the average powers
of cells in (6) only happens when the switching angles of dif-
ferent cells in rising and falling switching transitions in each
half-period are at the same time, which is unacceptable for mul-
tilevel converters. From (6), it is obvious that with the SHCM-
PWM technique in Fig. 2, it is impossible to balance the dc link
voltages of the CHB converter if there is active power flowing
through the CHB converter for equal load condition or if the re-
quired active power of these cells does not meet (6) for unequal
loads.

To solve this issue, ASHCM-PWM technique is introduced
to balance the dc link voltages in this paper. The half-period
waveform with ASHCM-PWM is shown in Fig. 3. The two
switching angles of each cell are asymmetric to phase π/2. The
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TABLE I
HARMONIC LIMITS OF IEEE 519 2014 STANDARD [18]

Isc/IL ≤ 20 <11 11 � h < 17 17 � h < 23 23 � h < 35 35 � h � 50 CTDD

Ch & TDD 4% 2% 1.5% 0.6% 0.3% 5%

Fourier series equations of ASHCM-PWM are

vac−CHB(t) =
∞∑

h=1

(
2Vdc

πh
(ah cos(h ωt + h θCHB)

+ bh sin(h ωt + hθCHB))
)

ah = (− sin(h θ11) + sin(h θ12) − · · · − sin(h θi(2ni ))))

bh = (cos(h θ11) − cos(h θ12) + · · · + cos(h θi(2ni ))) (7)

where, in (7), because the waveform in Fig. 3 is half-wave sym-
metry, the ah and bh of the even-order harmonics are zero.
θCHB−h in (2) is the phase of the hth-order CHB voltage har-
monic, (2/π)b1 is defined as the modulation index Ma of the
CHB converter

θCHB−h = hθCHB + tan−1
(

ah

bh

)

. (8)

The phase of fundamental harmonic in CHB converter is

θCHB−1 = θCHB + tan−1
(

a1

b1

)

. (9)

The modulation index of vac−CHB(t) for ASHCM-PWM is

π

2
Ma = b1 =

(

cos (θ11) − cos (θ12) + · · · − cos
(

θi(2ni )
))

.

(10)
As shown in Fig. 3, because the switching order in the first-

quarter period is cell1 , cell2, . . . , celli, the switching order of
the second-quarter period is cell1 , cell2, . . . , celli, and the two
switching angles of each cell are asymmetric to phase π/2, the
active power can be equally or unequally injected to all cells
by regulating switching angles. In addition, in order to help
find solutions based on [24] using optimization technique, the
following switching angle constraints are used for the proposed
ASHCM-PWM technique

0 < θ11 < θ12 < · · · < θ1n1 < θ1(n1 +1) < · · · < θ1(2n1 ) < π
0 < θ21 < θ22 < · · · < θ2n2 < θ2(n2 +1) < · · · < θ2(2n2 ) < π
. . .
0 < θi1 < θi2 < · · · < θin i

< θi(ni +1) < · · · < θi(2ni ) < π.
(11)

The proposed ASHCM-PWM technique can work similarly
to SHCM-PWM in [8] to meet the current limits of the IEEE-519
with ease.

Table I shows the current harmonic limits of the IEEE 519
when Isc/IL ≤ 20. Isc is the short-circuit current of the grid-
tied CHB converter at point of common coupling (PCC). IL

is the maximum demand load current. Ch is harmonic current
limit and CTDD is total demand distortion limit. In the proposed
technique, the worst grid short-circuit Isc/IL scenario in the

Fig. 4. Time domain waveforms of the vac−CHB (t), iin (t), and vac−Grid (t)
of a 3-cell CHB in a half-period.

IEEE 519 2014 is considered. Because as long as the worst
scenario is met, other scenarios can be met, it is unnecessary to
consider all scenarios in the paper.

III. PROPOSED VOLTAGE BALANCING TECHNIQUE FOR

GRID-TIED CHB CONVERTERS

To balance the dc link voltages of the grid-tied CHB converter
for equal or unequal dc loads in Fig. 1, the average power of each
CHB cell must be controlled equally or unequally, respectively.
The average power that flows through the cells is determined by
the fundamental voltage and current flowing through the cells.
Fig. 4 shows an example of the staircase waveform for a 3-cell
CHB converter when each switch of the CHB converter turn
ON and OFF only once in each half period. vac−C H B−cell1(t),
vac−C H B−cell2(t), and vac−C H B−cell3(t) are the ac CHB
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voltages of three cells. iin−1(t), iin−2(t), and iin−3(t) are the
currents of three cells.

The average power for the kth cell of the CHB converter can
be derived as

Pavg−Cell−k =
1

t2 − t1

∫ t2

t1

(vac−CHB−cellk (t)iin (t))dt (12)

where the kth cell turns ON during [t1 , t2 ]. vac−CHB−cellk (t) in
Fig. 3 is half-wave symmetry and it can be derived from (7) as

vac−CHB−cellk (t) =
∞∑

h=1

(
2Vdc

πh
(ah cos(h ωt + h θCHB)

+ bh sin(h ωt + h θCHB))
)

ah = (− sin(h θk1) + sin(h θk2) − · · · − sin(hθk(2nk ))))

bh = (cos(h θk1) − cos(h θk2) + · · · + cos(h θk(2nk ))). (13)

Because only the fundamental current of the CHB converter
generates power, only the fundamental sinusoidal iin(t) is con-
sidered in average power calculation

iin(t) =
√

2Iin sin (ωt + θin) (14)

where ω is the fundamental frequency of grid voltage. The
average power of cell 1 can be calculated from (12)–(14) and
shown as

Pavg−Cell−1 =
√

2VdcIin

π
((cos(θ11) − cos(θ12)

+ · · · + cos(θ1(2n1 )))cos(θin − θCHB)

− (− sin(θ11) + sin(θ12) − · · · − sin(θ1(2n1 )))

× sin(θin − θCHB)). (15)

The average power of other cells can similarly be calculated.
As shown in (15), the average power depends on switching
angles, θCHB and θin . The balancing condition for equal loads
is

Pavg−Cell−1 =Pavg−Cell−2 =Pavg−Cell−3 = · · ·=Pavg−Cell−i .
(16)

In general, when the ratios between the average powers of
each cell of the CHB converter are
Pavg−Cell−1

Pavg−Cell−2
= g1 ,

Pavg−Cell−1

Pavg−Cell−3
= g2 , . . . ,

Pavg−Cell−1

Pavg−Cell−i
=gi−1

(17)
the balancing condition for equal and unequal loads can be
derived as

Pavg−Cell−1 = g1Pavg−Cell−2 = g2Pavg−Cell−3 = · · ·
= gi−1Pavg−Cell−i . (18)

Switching angles can be solved from (16) and (18) for differ-
ent θCHB and θin . The θCHB can be obtained based on θin , from
Fig. 1 as

θCHB = Arg

(√
2Vac−Grid∠0 − (R + jωL)

√
2Iin∠θin

4Vdc/π

)

.

(19)

Moreover, the switching angles of the converter are also de-
termined by the modulation index. The modulation index of the
CHB converter as a function of Iin and θin is

Ma =

∣
∣
∣
∣
∣

√
2Vac−Grid∠0 − (R + jωL)

√
2Iin∠θin

4Vdc/π

∣
∣
∣
∣
∣
. (20)

Switching angles can be solved from (15) to (20) for different
modulation indices and θCHB . On the other hand, because the dc
link voltages of the CHB converter are equal, the active (average)
power of the CHB converter for equal or unequal loads is, if the
switching power loss is ignored

i∑

k=1

Pavg−Cell−k =
i∑

k=1

kV 2
dc

Rlk
=Vac−GridIin cos(−θin) − RI2

in .

(21)
For different loads and current phase θin , the root mean square

(RMS) current Iin can be derived from (21). Equation (21) has
solutions when θin meets the following condition:

− arccos

(∣
∣
∣
∣
∣

√

4R
∑i

k=1 Pavg−Cell−k

(Vac−Grid)2

∣
∣
∣
∣
∣

)

< θin

< arccos

(∣
∣
∣
∣
∣

√

4R
∑i

k=1 Pavg−Cell−k

(Vac−Grid)2

∣
∣
∣
∣
∣

)

. (22)

θin in (22) determines the injected or absorbed active or re-
active power to or from the power grid. θin depends on the
parameters of the converter, load, and the voltage of the grid.

The left side of (21) is average power dissipated by all of
the dc loads. If the converter also controls the reactive power
injected to the power grid [19], the following equations hold:

Pavg−CHB−dc
∗ = Vac−GridIin cos (−θin) − RI2

in

QCHB−ac
∗ = Vac−GridIin sin (−θin) (23)

where Pavg−CHB−dc
∗ and QCHB−ac

∗ are the references of active
power dissipated by dc loads and the reactive power injected to
ac power grid, respectively.

IV. SOLVING SWITCHING ANGLES FOR VOLTAGE BALANCING

TECHNIQUE WITH ASHCM-PWM

For the proposed ASHCM-PWM, the critical parameters such
as the lowest number of switching transitions, the lowest cou-
pling inductance, and the highest order of harmonics that should
be mitigated must be designed. Based on (15)–(18) and the equa-
tions of SHCM-PWM in [8], the equation set (24) can be derived
for ASHCM-PWM technique to meet the current harmonic and
TDD limits of the IEEE-519, when the dc link voltages of con-
verter are balanced based on (15)–(18) for equal or unequal
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TABLE II
CIRCUIT PARAMETERS

Parameter Symbol Value

Line frequency F 60 Hz
AC grid voltage (RMS) Vac−Grid 110 V
Total rated power Stota l 1.550 kVA
Maximum demand load (RMS) IL 14.14 A
Number of H-bridge cells I 3
Dc link voltage Vdc 70 V
Number of switching transitions K 18
Highest order of mitigated harmonic H 49th
Resistance of inductance R 0.0643 pu
Impedance of dc link capacitor 1/ωC 0.0775 pu

loads
⎧

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(

cosθ11 − cosθ12 + cosθ13 + · · · − cosθi(2ni )
)

=
π

2
Ma

(− sinθ11 + sin θ12 − sin θ13 − · · · + sin θi(2ni )
)

= 0

Iin−h ≤ |Vac−Grid−h | + |Vac−CHB−h |
|ωhLIL | ≤Ch, h=3, 5, 7, . . . ,

√
(

Iin−3

IL

)2

+
(

Iin−5

IL

)2

+· · · +
(

Iin−h

IL

)2

+ · · · ≤ CTDD

Pavg−Cell−1 = g1Pavg−Cell−2 = · · · = gi−1Pavg−Cell−i

(24)
where, in (24), the first two equations control the magnitude
of fundamental CHB voltage. To control the phase of CHB
converter in ASHCM-PWM, there are two techniques: 1) control
a1 and b1 in (7) to obtain the desired CHB voltage and phase and
do not make any phase shift on the ωt, which is the angle of the
grid voltage, 2) eliminate the a1 as shown in (24) and solve (24)
for different Ma . Then, the phase shift θCHB will be added to ωt.
In this paper, the second approach is used to control magnitude
and phase of the CHB with a1 equal to zero. The third equation in
(24) guarantees Iin−h is below the current harmonic limits. The
fourth equation in (24) guarantees iin is within the TDD limit.
The Iin−h in the third and fourth equations of (24) are calculated
based on the worst scenario of (3) when the CHB voltage and the
grid voltage harmonics are out of phase. In other words, Iin−h

is the highest when the phase difference between vac−CHB−h(t)
and vac−Grid−h(t) is 180°, so the absolute values of Vac−CHB−h

and Vac−Grid−h are added up in (24). The fifth equation in (24)
balances the dc link voltages of the CHB converter based on
(17) and (18). It is worth noting that the ranges of grid voltage
and load are needed for the proposed technique to meet (24).

The parameter design guidelines for the SHCM-PWM tech-
nique have been discussed in [8]. These guidelines can also
be applied to ASHCM-PWM technique. Table II gives the de-
signed parameters of the CHB converter with ASHCM-PWM
technique. In this paper, the dc link voltage of CHB converter
is 70 V. The range of θin can be calculated based on (22) for
the designed parameters in Table II. The required inductances
in pu for the grid-tied CHB converter for the different grid
voltage harmonics are shown in Table III. To find these induc-
tances, the algorithm in [8] is used to design the parameters
for ASHCM-PWM technique. As shown in the first row of

TABLE III
REQUIRED REACTANCE (PU) TO MEET CURRENT HARMONICS OF THE

IEEE-519 2014 FOR DIFFERENT GRID VOLTAGE HARMONICS

Grid Voltage Harmonics Required
Reactance for

Coupling Inductor
(pu)

The Number of Low-Order
Harmonics and TDD That

are Controlled

Meet the worst scenario
of IEEE-519

0.63 50 with TDD

Grid voltage harmonics in
Figs. 12 and 13

0.34 50 with TDD

Ideal (No voltage
harmonics)

0.24 50 with TDD

Ideal (No voltage
harmonics)

0.1 20 without TDD

Table III, for the worst scenario, the inductance was designed
to meet current harmonic limits when the grid voltage distor-
tion, which is as high as the voltage harmonic requirements of
the IEEE 519, also causes the current harmonics. The required
minimum inductance is calculated as 0.63 pu to meet the limits
of all harmonics with the worst grid voltage harmonics defined
in the IEEE-519. However, when the grid voltage harmonics
are ignored (ideal grid voltage), only the minimum 0.24 pu in-
ductance is required to meet both harmonics up to the 50th and
TDD limits. Moreover, only the minimum 0.1 pu is required to
meet current harmonic limits up to the 20th without meeting
the TDD limit. In this paper, to design the inductance to meet
the current harmonic limit with actual grid voltage harmonics,
which can be extracted from FFT in Fig. 12(a), the minimum
0.34 pu inductance is required based on [8]. All of the simula-
tion and experimental results are based on this. From Table III,
it can be concluded that smaller inductance can only control
smaller number of current harmonics. In order to meet all of
the current harmonics, enough inductance must be needed. In
literatures, small inductance is used with ideal grid voltage, but
the inductance cannot meet all of the current harmonics under
the conditions defined in Table III. It is worth noting that if the
inductance is smaller than the values in the Table III, iin cannot
meet the current harmonic requirements in the corresponding
scenario. If the RMS of CHB current Iin changes from 0 to IL

(14.14 A), the total average power of the loads are from 1 to
1550 W and the phase of current θin is limited by (22), the mod-
ulation index Ma of the CHB voltage can be derived in Fig. 5
based on (20), (21), and the parameters in Table II with 0.34 pu
inductance.

To solve the equations of ASHCM-PWM technique with the
proposed voltage balancing technique, the least square error
technique is first used to find initial values for the switching an-
gles of the CHB converter. The heuristic multiobjective particle
swarm optimization (MOPSO) technique [25] is used to find the
solutions for the proposed technique in a wide modulation index
range to meet all of the objectives in (24). Fig. 6 shows the sub-
set of the Fig. 5, in which the switching angle solutions for the
3-cell CHB converter with the circuit parameters in Tables II and
III when g1 and g2 are equal to 1, can be found with MOPSO.
Iin is from 1 to 20 A and the current phase meets the limits of
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Fig. 5. Modulation index and phase of the fundamental CHB voltage based
on (16)–(19).

Fig. 6. Solutions of the proposed technique with the circuit parameters in
Tables II and III.

Fig. 7. Proposed sensor-less dc link voltage balancing technique.

(22). If (24) has solutions in the range of Fig. 5, the converter
can work in all range of the active and reactive power when
grid voltage is 110 V. To clearly compare the range of obtained
solutions in Fig. 6 with Fig. 5, only the modulation indices of
the obtained switching angles are shown in Fig. 6. As shown
in Fig. 6, the solutions were found for the proposed sensor-less
voltage balancing technique in a wide range of Fig. 5. To con-
sider the disturbances of the grid voltage or load, the (15)–(24)
can be solved offline similar to Fig. 6 for different grid voltage
and load conditions. The obtained solutions give the operation
range of the converter.

Fig. 7 shows the block diagram of implementing the pro-
posed technique without using any sensors for dc link voltage
balancing. Pavg−CHB−dc

∗ and QCHB−ac
∗ are the references of

controller for the grid-tied converter.
An open-loop controller is used in Fig. 7 to demonstrate the

principle of the proposed technique. In actual applications, a
closed loop controller, which can sense grid voltage and grid
current, can be used to control Pavg−CHB−dc

∗ and QCHB−ac
∗

references to achieve dc link voltage balance. The current mag-
nitude Iin and phase θin can be calculated from (23). From (19)
and (20), the modulation index Ma and CHB voltage phase

Fig. 8. Simulation result of the proposed sensor-less voltage balancing tech-
nique when Pavg−CHB−dc

∗ = 980 W, and Vdc = 70 V. (a) Time domain
waveforms of vac−CHB (t), vac−Grid (t), and iin (t). (b) Time domain wave-
forms of Vdc1 , Vdc2 , and Vdc3 . (c) Current harmonic spectrum of iin (t).

θCHB can be calculated. Finally, the switching angles of the
CHB converter are solved from equation set (24) with MOPSO.
The solved switching angles are applied to the converter. It does
not, therefore, need to consider the actual load resistances to
balance the dc link voltages.

V. SIMULATION AND EXPERIMENTAL RESULTS

To validate the proposed sensor-less dc link voltage balanc-
ing technique with ASHCM-PWM, the simulations and exper-
iments were conducted on a 7-level CHB converter. MATLAB
Simulink was used for the simulation. The main objectives of
the simulations and experiments are: 1) balance the dc link
voltages to 70 V, 2) meet the current harmonic and TDD lim-
its of IEEE-519, 3) keep the fundamental of iin−1(t) in phase
with vac−Grid−1(t) and control its magnitude, and 4) investigate
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Fig. 9. Simulation result of the proposed sensor-less voltage balancing tech-
nique in transient condition when the active power of cell 3 is changed from
326.67 (equal loads) to 515.25 W (unequal loads), and Vdc = 70 V. (a) Time
domain waveforms of vac−CHB (t), vac−Grid (t), and iin (t). (b) Time domain
waveforms of Vdc1 , Vdc2 , and Vdc3 .

using the proposed technique to balance the dc link voltages
with unequal loads.

In the first simulation, the active power flowing through all of
the dc loads are 980 W. No reactive power is injected or absorbed
from the power grid. Fig. 8 shows the vac−CHB(t), vac−Grid(t),
and iin(t) for the proposed voltage balancing technique with
ASHCM-PWM technique. Fig. 8(a) shows the time domain
waveforms. The modulation index of converter is 2.165. The
fundamental of iin(t) is in phase with vac−Grid(t). In Fig. 8(b),
the average dc link voltages of the three cells are regulated to
70 V. The second-order harmonic due to instantaneous power
is observed in the voltage waveforms. In Fig. 8(c), the current
harmonics of the CHB converter meet the limits of the IEEE-
519 [18] up to the 50th-order harmonic. TDD is 3.54%, which
meets the 5% limit of the IEEE-519. The dc link voltage ripple
in Fig. 8(b) is due to the second-order harmonic of instantaneous
power that is generated on the ac side of converter. Because in
the proposed technique, the average power instead of instanta-
neous power of CHB is used as the reference power of each cell,
the second-order harmonic is not shown in (15) because the av-
erage of the second-order harmonic power is zero in one period.
In the second simulation, the active power flowing through
all of the dc loads are 980 W before t = 0.6 s. Each cell
has around 326.7 W. No reactive power is injected or ab-
sorbed from the power grid. At t = 0.6 s, the load of the
third cell is increased by 57% from 326.67 to 515.25 W.

Fig. 10. Simulation result of the proposed sensor-less voltage balancing tech-
nique in dynamic condition when the active and reactive power at PCC is
changed from 1030 to 1030 W–375 VAr at t = 0.6 s and retuned to 1030 W
at t = 0.7 s. (a) Time domain waveforms of vac−CHB (t), vac−Grid (t), and
iin (t). (b) Time domain waveforms of Vdc1 , Vdc2 , and Vdc3 .

The modulation index of the converter is changed from
2.152 to 2.180 correspondingly. Fig. 9 shows the vac−CHB(t),
vac−Grid(t), and iin (t) for the proposed voltage balancing tech-
nique with ASHCM-PWM technique with equal (t < 0.6 s)
and unequal (t > 0.6 s) loads. Fig. 9(a) shows the time
domain waveforms. iin(t) is in phase with vac−Grid(t). In
Fig. 9(b), the dc link voltages of three cells are regulated to
70 V.

In the last simulation in Fig. 10, the dynamic performance
of the proposed voltage balancing technique is simulated with
equal dc link loads. The active and reactive power, which is
injected from the power grid to the converter, is changed from
1030 W to 1030 W–375 VAr at t = 0.6 s. The power of recti-
fier returns to 1030 W at t = 0.7 s. Fig. 10(a) shows the time
domain waveform of the proposed technique for vac−CHB(t),
vac−Grid(t), and iin(t). As discussed in [19] and shown in
Fig. 10(a), ASHCM-PWM has a weak dynamic performance, so
it generates a small dc term when the active and reactive power
is changed. This is actually true for all low frequency modula-
tion techniques. This can be solved by applying high-frequency
PSPWM during the dynamic period [19]. The modulation index
of converter is changed between 2.165 and 2.347 during the
first transient condition. In Fig. 10(b), the dc link voltages of
the three cells are regulated to be around 70 V within dynamic
period. Table IV shows the switching angles sets of these three
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TABLE IV
SWITCHING ANGLE SETS (DEGREE) FOR SIMULATIONS AND EXPERIMENTS WITH THE PROPOSED TECHNIQUE

Switching
Angles

First
Case

Second Case
(Before Transient)

Second Case
(After Transient)

Third Case
(Before Transient)

Third Case
(After Transient)

θ11 41 18 0 41 13
θ12 45 23 1 45 23
θ13 54 26 15 54 32
θ21 10 10 10 10 26
θ22 12 16 12 12 34
θ23 46 31 33 46 41
θ31 0 41 14 0 9
θ32 1 49 15 1 11
θ33 5 53 27 5 47
θ14 67 43 25 67 56
θ15 87 45 40 87 67
θ16 169 95 89 169 98
θ24 51 35 49 51 69
θ25 67 67 86 67 87
θ26 134 135 135 134 168
θ34 7 68 33 7 47
θ35 16 93 52 16 57
θ36 90 167 168 90 140

Fig. 11. Hardware prototype of a 7-level grid-tied CHB converter.

simulations results. The same switching angle sets are also used
in the experiments in this paper.

For the experimental results, the 3-cell 7-level CHB con-
verter was connected to the power grid with the same param-
eters shown in Table II when 0.34 pu coupling inductance is
used. The TMS320F28335 microprocessor is used to generate
the switching angles for the proposed technique. The hardware
prototype of the grid-tied CHB converter is shown in Fig. 11.

In the first experiment, the dc link voltages of the CHB
converter are equal to 70 V. Fig. 12 shows the vac−CHB(t),
vac−Grid(t), and iin(t) for the proposed voltage balancing tech-
nique with ASHCM-PWM modulation technique. As shown in
Fig. 12(a), iin(t) and vac−Grid(t) are in phase. The modulation
index of the converter is 2.165. Fig. 12(b) shows the dc link volt-
ages of the CHB converter with the proposed voltage balancing
technique. As shown in Fig. 12(b), all of the dc link voltages
are regulated to be around 70 V. Fig. 12(c) shows the current
harmonic spectrums of Iin with the proposed technique. It is
obvious that all current harmonics and TDD can meet the limits
of the IEEE-519 standard [18] when the grid voltage has low-
order voltage harmonics as shown in Fig. 12(a). The even-order

Fig. 12. Experimental result of the proposed sensor-less voltage balancing
technique when P ∗

avg−CHB−dc = 980 W, and Vdc = 70 V. (a) Time domain
waveforms of vac−CHB (t), vac−Grid (t), and iin (t). (b) Time domain wave-
forms of Vdc1 , Vdc2 , and Vdc3 . (c) Current harmonic spectrum of iin (t).
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Fig. 13. Experimental result of the proposed sensor-less voltage balancing
technique in transient condition when active power of cell 3 is changed from
326.67 (equal loads) to 515.25 W (unequal loads), and Vdc = 70 V. (a) Time
domain waveforms of vac−CHB (t), vac−Grid (t), and iin (t). (b) Time domain
waveforms of Vdc1 , Vdc2 , and Vdc3 .

harmonics in Fig. 12(c) are due to the accuracy of the switch-
ing angles in experiment. In the second experiment, the active
power flowing through all of the dc loads is 980 W before the
transient. Each cell has around 266.7 W. No reactive power is in-
jected or absorbed from the power grid. At transient, the load of
the third cell is increased by 57% from 326.67 to 515.25 W. The
modulation index of converter is changed from 2.152 to 2.180
correspondingly. Fig. 13 shows the vac−CHB(t), vac−Grid(t),
and iin(t) for the proposed voltage balancing technique with
ASHCM-PWM technique with equal (before transient) and un-
equal (after transient) loads. Fig. 13(a) shows the time domain
waveforms. iin (t) is in phase with vac−Grid(t). In Fig. 13(b),
the dc link voltages of three cells are regulated to 70 V. The low
frequency oscillation in Fig. 13(b) is due to the second-order
harmonic ripple of ac power.

In the last experiment in Fig. 14, the dynamic performance of
the proposed voltage balancing technique is tested. The active
and reactive power changes from 1030 W to 1030 W–375 VAr
at PCC for the first transient condition. Then, the power of
CHB converter returns to 1030 W at the second transient in
Fig. 14. The modulation index of converter is changed between
2.165 and 2.347 during the first transient condition. Fig. 14(a)
shows the time domain waveforms of the proposed technique
for vac−CHB(t), vac−Grid(t), and iin (t). As discussed in [19]

Fig. 14. Experimental result of the proposed sensor-less voltage balancing
technique in dynamic condition when the active and reactive power changes
from 1030 to 1030 W–375 VAr at first transient and returns to 1030 W at second
transient at PCC. (a) Time domain waveforms of vac−CHB (t), vac−Grid (t),
and iin (t). (b) Time domain waveforms of Vdc1 , Vdc2 , and Vdc3 .

and shown in Fig. 10(a), ASHCM-PWM has a weak dynamic
performance, so it generates a small dc term when the active
and reactive power is changed. This is actually true for all low
frequency modulation techniques. This issue can be solved by
applying high-frequency PSPWM during the dynamic period
[19]. As shown in Fig. 14(b), the dc link voltages of the grid-tied
converter are balanced to be 70 V under the dynamic condition.

VI. CONCLUSION

In this paper, a sensor-less voltage balancing technique for
grid-tied CHB converters with ASHCM-PWM technique was
proposed. The proposed voltage balancing technique could con-
trol the dc link voltages without using expensive dc link sensors
for equal and unequal loads. The proposed technique can miti-
gate the current harmonics of CHB converters to meet the current
harmonic limits defined in the IEEE-519. In addition, the phase
of input current is derived based on the parameters of the CHB
converters and it can be used to determine the ranges of active
and reactive power generated by the CHB converters. The pro-
posed voltage balancing technique is very simple. It does not use
any complex controllers to balance dc link voltages. This tech-
nique can also be simply implemented for three-phase grid-tied
converters or STATCOM applications.
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