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Abstract—One of the most important challenges of the extreme
fast charging (XFC) stations is to balance the DC link voltages
of the active front-end (AFE). The multilevel cascaded H-bridge
(CHB) converter is a great topology for the AFE applications due
to the high power density, low total harmonic distortion (THD),
and a low number of active and passive components. In this
paper, a technique is proposed for balancing DC-link capacitor
voltages of a three-phase CHB converter, when a phase shift-
PWM modulation technique is used on all cells of the converter.
To reach this goal, the redundant states of the CHB converters
are used for generating different AC voltage levels by sorting
the voltages of the converters. The proposed voltage balancing
technique uses the principles that are employed for the DC link
voltage balancing of the low-frequency modulation techniques to
balance the DC link voltages of the CHB converter. As shown
in this paper, the DC link voltages of the CHB converter can
accurately be balanced very fast without using PI controllers,
which are used in the conventional DC link voltage balancing
techniques. A controller also is proposed which will be used
to control the dq currents of the CHB converter. To verify the
advantages of the proposed technique, the simulation results of
the proposed technique will be carried out in a three-phase 7-cell
CHB AFE.

Index Terms—Grid-tied converters, cascaded H-bridge, DC
link voltage balancing, fast charging station

I. INTRODUCTION

Extreme fast charging (XFC) gains huge attention these
days for the modern electric vehicles [1]-[6]. Multilevel
converters have been used more and more these days due to
their advantages, e.g., lower harmonics, higher voltage/power
level, and modular structure [7] in the XFC applications. The
main multilevel converters that are used in the industry are
the cascaded H-bridge (CHB), neutral point clamped (NPC),
and flying capacitors (FC) [7], [8]. Among them, the CHB
converter has a higher power density, lower total harmonic
distortion (THD), and a lower number of active and passive
components [7], [9].

Extreme fast-charging stations (XFC) are necessary for the
superfast charging of the electric vehicles. Each XFC requires
an active front-end (AFE) when the grid is connected to the
converter. Different power electronic topologies can be used
for the AFE of the XFC [10]. The cascaded H-bridge (CHB)
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topology is a great option for the AFE of the XFC applications.
The CHB converter can transfer high power to the EV loads
and have low power losses due to the lower voltage on the
DC side of the converters. However, one of the critical issues
of the CHB converter is how to balance the DC link voltages
of the AFE [11]. If the DC link voltages are not balanced or
the references are not tracked, the controller cannot control
the active and reactive power, current harmonic requirements
cannot meet the power quality standards, and faults on the
solid-state devices are inevitable.

Some of the main challenges of the CHB converters are
to improve the speed of balancing of the DC link voltages,
reduce the values of the passive filters, improve the controller
performance of the CHB converters, and find accurate mod-
eling of the CHB converters to analyze the reliability and
controllability of the CHB converter. Also, meeting the power
quality requirements of the different standards is another
challenge of the CHB converters in industries [12].

In [7], [13], a technique was proposed to meet the re-
quirements of the power quality standards for both voltages
and currents at the point of common couplings (PCC) by
using the low-frequency modulation techniques. In [11], a new
technique was proposed to control the powers of the cells of
the CHB converter without using DC link voltage sensors.

Several papers proposed techniques based on using PI
controllers for the CHB by balancing the DC link voltages
of the AFE with the PI controllers [14], [15]. However, using
PI controllers increase the delays of balancing the DC link
voltages. In [16], a new technique was proposed based on
using the redundant states of the CHB converter for balancing
the DC link voltages, when the low-frequency modulation
technique (selective harmonic elimination-PWM) are used.
In [17], a technique was proposed to balance the DC link
voltages of the AFE based on the redundant states of the
converter. However, the technique in [17] cannot balance
the DC link voltages for any active or reactive power that
is desirable. Moreover, the implementation of the voltage
balancing technique in [17] is complicated for sorting the
voltages of decoupling capacitors when a high number of
H-bridge cells are used. Furthermore, the speed of voltage
balancing technique in [17] is not as high as possible due
to considering the instantaneous power of the converter at
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Fig. 1. Configuration of a single-phase CHB grid-tied converter for EV
charging stations.

the PCC. In [18], a technique based on the sorting of the
DC voltages of the CHB converters was proposed to balance
the DC link voltages of the CHB converter with the high-
switching frequency level shift-PWM modulation technique.
However, the technique in [18] does not apply to other high-
switching frequency modulation techniques. In this paper, a
DC link voltage balancing technique will be proposed for
the AFE based on the available redundant states of the CHB
converter for generating different voltage levels. The proposed
technique work for any values of the active and reactive powers
due to using the instantaneous power that is injected into the
CHB converter. Furthermore, to balance the DC link voltages
of the CHB converter, the voltages of the H-bridge cells are
sorted before applying each switching state to the cells of the
converter. Furthermore, the proposed technique in this paper
can be employed in any low- or high-switching frequency
modulation techniques.

The paper is organized as follows; Section II discusses about
the derived fundamental equations of the CHB converters.
Section III proposes the new DC link voltage balancing
technique and how to simply sort and implement the DC link
voltage balancing technique. Moreover, section IV illustrates
the simulation results to validate the advantages of the pro-
posed technique. Finally, section V concludes the paper.

II. CONFIGURATION OF THE CASCADED H-BRIDGE
CONVERTER FOR THE ACTIVE FRONT-END

The configuration of one phase of the AFE topology is
shown in Fig. 1. As shown in Fig. 1, the CHB converter
is connected to the grid by using the coupling inductance
Lp. Vae—cuB)(t): Viac—griay(t), and iz, (t) are the AC CHB
voltage of the converter, the AC grid voltage, and the AC input
current of the converter for a single-phase AFE, respectively.
As shown in Fig. 1, ¢ number of cells of H-bridges are
connected to the DC/DC converters to supply energy to the
EVs. The AC side equation of a three phase AFE can be

TABLE I
ODD ORDER CURRENT HARMONIC REQUIREMENTS OF THE IEEE STD.
519 [19] AT THE POINT OF COMMON COUPLING (PCC)

Harmonic order [ Current limit

T<h<l1l 1%
11<h<17 2%
17 < h <23 1.5%
23<h <35 0.6%
35 < h < 50 0.3%

TDD 5%

written as,

VU(ac—Grid—phase—A) (t) = LF%%M
+v(ac—CHB—phase—A) (t)a

V(ac—Grid—phase—B) (t) = LF%:E?B)“) (1)
+U(ac—CHB—phase—B)(t)v‘

’U(achridfphasefc) (t) = LF dl(in_ph;tSC_C)(t)

+v(ac—CHB—phase—C) (t)

where v(ac—G'r’id—phase—A)(t)’ U(ac—G’Tid—phase—B)(t)’
V(ac—Grid—phase—A)(t) are the three phase grid voltages.
AlSO, v(achHprhasefA) (t), U(achHprhasefB)(t)s
and  V(qe—CHB—phase—A4)(t) are the three phase CHB
voltages. Moreover, i(in—phase—A)(t)s i(in—phase—B)(t), and
i(in—phase—c)(t) are the injected three phase currents of the
converter. The three-phase equations of the CHB converter in
the Laplace domain are

Viac—Grid—phase—A)(8) = SLrI(in—phase—A)(5)
+Viac—CHB-phase—4)(5),

Viae—Grid—phase—B)(8) = SLEr I (in—_phase—B)(S) @)
+WViac—CHB—phase—B)(8);

Viae—Grid—phase—0)(5) = SLEI(in—phase—c)(5)
+Viae—cHB-phase—c)(5),

‘/(achm'dfphasefA)’ Vv(achridfphasefB)a and
Viae—Grid—phase—c) are the three-phase grid voltage
vectors. ‘/(ac—CHB—phase—A)a ‘/(ac—CHB—phase—B)7 and

V(ac—c H B—phase—c) are the three-phase CHB voltage vectors.
Moreover, ‘/(ac—CHB—phase—A)’ ‘/((L(:—CHB—phase—B)’ and
Viac—CcHB—phase—c) are the three-phase AC current vectors.
The dq time-domain components of the the injected current
of the converter to the grid are found from

digin—ay(t .
V(ac—Grid—d) (t) = LFz(ditd)() - WLFZ(in—q)(t)
+V(ac—caB-0)(1), 3
L i) . &)
V(ac—Grid—q) (t) - LFT + WLFZ(in—d) (t)
+U(ac—CHB—q) (t)

where, V(qe—Grid—a)(t) and v(ge_grida—q)(t) are the d and
g components of the AC grid voltage, respectively. Also,
V(ae—cHB—a)(t) and V(4e—Gria—q)(t) are the d and g compo-
nents of the AC CHB voltage, respectively. In the simulation,
by using the ABC' to dq transformation, the dg components
of the CHB voltage, the grid voltage, and the AC current of



the converter are calculated. The controller, which is used in
this paper to control the CHB converter, is shown in Fig. 2. As
shown in Fig. 2, the DC link voltages of the CHB converter
are averaged and compared with Vg._,.r. The error signal
is applied to a proportional-integral (PI) controller to find
the reference d component current (I(;,—q—rcs)) as shown
in Fig. 2. Moreover, the reference ¢ component current can
be designed to compensate the injected reactive current of
the converter. Then, based on the equation (3), the references
of the dg components of the CHB voltage are selected. To
decouple dg voltages of the CHB from the gd components
of current in (3), d and ¢ components of AC current are
multiplied with wLp and feed-forwarded in the ¢ and d
components of the CHB voltage as shown in Fig. 2. The PI
controllers also control the dg voltages of the CHB converter to
track the references dq currents of the AFE. Moreover, based
on the equation (3), the dg components of the grid voltage
Vac—arid—d) and Vige_gria—q)) are feed-forwarded in Fig. 2.
Thus, the voltage of the converter are controlled from the
equation (3). The grid-tied converter must meet the power
quality standards at the point of common coupling (PCC).
An example of the power quality standard, that is required
to meet, is shown in Table I. In this table, T'DD is the total
demand distortion [19]. h is the harmonic order. The Table I
is obtained when the IIL < 20, where I, and I}, are the short
circuit current and the load current of the CHB converter at
the PCC, respectively. To meet the requirements of IEEE Std.
519, the following equations must be met by the three-phase
CHB converter.

I(in_phase—A—n) | _
Iy, -
Viac—Grid—phase—A—h)—V(ac— CHB—phase— A—h)
hwLrplr < Ch,
I('infphasefoh) _
Iy, -
Viac—Grid—phase—B—h)—Y(ac— CHB—phase—B—h)
hwLrlr < Ch,
I(in—phase—C—n) | __
IL -
Viac—Grid—phase—C—h)—V(ac— CHB—phase—C—h)
hwLplg < Ch.
4)
where I(infphasefAfh)v I(infphasefoh)v and

Iin—phase—c—n) are the three-phase AC injected current
of the converter for the hth order harmonic. Moreover,
‘/(ac—CHB—phase—A—h)’ ‘/(ac—CHB—phase—B—h)r and
Viee—CHB—phase—c—n) are the three-phase AC CHB
voltages of the converter for the hth order harmonic.
Finally’ ‘/(achridfphasefAfh% ‘/(achridfphasefoh)» and
Viac—Grid—phase—c—n) are the three-phase AC grid voltages
of the converter for the hth order harmonic.

The modulation technique which will be used in this paper
is the phase-shift-PWM (PS-PWM) technique [12], which is a
kind of the high-switching frequency modulation techniques.
The main principle of the PS-PWM technique is to compare
the reference signal with the triangle or the saw-tooth wave-
form with a high carrier frequency to generate the signals
of the power electronic switches. For the CHB converter, the

output voltage of the CHB converter must be calculated for
each harmonic order by using

I(in—phase—A—n) | __
I -
Viac—Grid—phase—A—h) —V(ac— CHB—phase—A—h)
hwLrlg < Ch,
I('infphasefoh) _
Iy, -
Viac—Grid—phase—B—h)—V(ac— CHB—phase— B—h)
hoLrlL < Gy,
I(in—phase—c—n) | __
Iy, -
Viac—Grid—phase—C—h)—V(ac— CHB—phase—C—h)
hoLplr < Ch.

(&)

For each phase of the CHB converter, the CHB converter will
generate a voltage waveform based on the modulation tech-
nique that is used. In this paper, the high-switching frequency
phase-shift PWM (PS-PWM) modulation technique is used.
The main principle of the PS-PWM technique is to compare
the reference of the AC voltage with a triangle waveform
which has an initial carrier frequency of w. and an initial
phase of 6.. The fundamental and harmonics of the PS-PWM
technique are

Vae—cHB—PsPWM)(t) = iVae M cos(wot + o)

1 .
EJQAfl(ZB’iTM)X

AV, 00 00
+—=> 0 ) sin((2iB + 24 — 1)2)x
B=1A=— 2
cos(2iBwt + (24 — 1)(wot + 6p))

(6)

where, V(4c—cHB-PSPW M) (t) is the time-domain voltage of
the CHB converter with the PS-PWM technique. Furthermore,
¢ is the number of cells of the CHB converter that has the PS-
PWM modulation technique. Also, A and B are the side-band
and base-band harmonics of the CHB converter. Moreover, J
is the Bessel function of the first kind. M is the average of the
modulation index of i-cell of the CHB converter. If the total
modulation index of the CHB converter is M,, M is found by
using M = % As shown in Fig. 3, the PS-PWM technique
has several base-band harmonics. Moreover, around each base-
band harmonic, there exist several side-band harmonics. From
the equation (6), the number of these side-band harmonics
of each based-band harmonic is infinity. However, beyond a
certain bandwidth, the sideband harmonics are small and may
be ignored. For baseband harmonic B, the bandwidth is,

BWy ~ 2(iM B + 2) fo. 7)

The CHB converter generates the following redundant volt-
age states (Table II) for different voltage levels, if just two cells
are used and the redundant states that increase the switching
transitions of the converter are ignored (e.g., cell # 1=4V}.
and cell # 2=—V/;. for generating the zero voltage level, etc).
Table II can be extended for any number of cells of the CHB
converter. Table II shows that for generating different voltage
levels of the CHB converter, the redundant states must be used
to balance the DC link voltages of the converter. There exists
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TABLE I
REDUNDANT STATES OF THE CHB CONVERTER FOR GENERATING
DIFFERENT VOLTAGE LEVELS WITH A 2-CELL CHB CONVERTER.

voltage level | cell # 1 [ cell #2

+2Vie +Vie +Vie

+Vdc +Vdc 0

+ Ve 0 +Vie
0 0 0

—Vie _Vdc 0

—Vie 0 —Vie

—2Vye —Vie —Vie

an equation for the number of available redundant states of the
CHB converter for all cells. As can be inferred from Table 11,
the number of available states for each voltage level of the

CHB converter is
)
Ns:(.)
T\l

where, NS, is the number of available redundant states of the
jth voltage level of the CHB converter. From 8, due to using
the absolute value for j, similar to the positive voltage levels,
the negative voltage levels also generate the same number of
redundant states. Using (8) to sum all available redundant
states of the CHB converter for both positive and negative
voltages, the total number of states that are available for
an ¢-cell CHB grid-tied converter is obtained based on the

®)

following equation,

TNS=2(<3)+G)+'”+(§>>_1:2i+1_1.(9)

where TNS is the total number of states of the i-cell CHB
converter. The minus one (-1) in (9) is due to counting the
zero voltage level once during counting the total number of
available redundant states of the CHB converter.

Equation (9) proves that having a higher number of cells of
H-Bridges in an AFE will exponentially increase the number
of redundant states. This increases the number of lines of code
that are needed to implement the proposed voltage balancing
technique in simulations and experiments. Thus, the proposed
technique in this paper is suitable for use on the applications
which require a low number of cells of the CHB converter.
The details on how to implement the negative and positive
switchings to not increase the lines of code in simulations and
experiments are shown in Algorithm 1.

III. PROPOSED DC-LINK VOLTAGE BALANCING
TECHNIQUE FOR HIGH-SWITCHING FREQUENCY
MODULATION TECHNIQUES

In the proposed voltage balancing technique, the redundant
states that are available for the CHB converter as shown in
Table II and equation (9) are used for balancing the DC
link voltages of the CHB converter. To reach this goal, first,
the voltage level of the CHB converter must be evaluated.
In the low-frequency modulation technique, the predefined
waveform of the CHB converter will be used to find the
voltage level of the CHB converter. For the high-switching
frequency modulation technique, e.g., phase-shift PWM (PS-
PWM), based on the switching states that are applied to the
switches of the converter, the voltage level of the converter at
each time instant is obtained as shown in equation (9),

Ssi.

where, V7, is the voltage level of the CHB converter, Sig
and Ssi are the gate signals of the kth cell of the CHB
converter for the first and the third switches in Fig. 1. The gate
signals (S7x and Ssi), which are obtained from the modulation
block of the controller, have binary values (0 for off and
1 for on states). Using (10), the voltage level of the CHB
converter before applying each switching state to the cells of
the converter is obtained.

Next, the instantaneous powers that are injected to the three-
phase CHB converter in 2 must be checked for the proposed
DC-link voltage balancing technique. The injected instanta-
neous powers of three-phase CHB converter are calculated as

Vi =511 — 831+ 812 — 832+ ...+ 51 — (10)

V(ac—CHB—phase—A) (ﬁ)
Xi(infphasefA) (t)a

P(inst—phase—A) (t> =

P(inst—phase—B) (t) = U(ac—CHB—phase—B)(t)

. (11)
XZ(in—phase—B) (t)v
V(ac—CHB—phase—C) (t)

Xi(infphasefc’) (t)a

P(inst—phase—C) (t) =




TABLE III
PROPOSED VOLTAGE BALANCING TECHNIQUE BY USING REDUNDANT
STATES OF TWO-CELL OF THE CHB CONVERTER.

Vi, | relationship [ sign of power [ cell # 1 [ cell #2
+Vdc Vdcl S Vdc2 + +Vdc 0
+Vdc Vdc2 S Vdcl + 0 +Vdc
+Vie | Vider < Vieo - 0 +Vie
+Vie | Vae2 < Viaer - +Vie 0
_Vdc Vdcl < Vdc2 + _Vdc 0
7Vdc Vdc2 < Vdcl + 0 7Vdc
—Vae | Vier < Vae2 - 0 —Vie
—Vie Vacz < Vacr - —Vie 0
+2Vie - +Vie +Vie
_2Vdc _Vdc _Vdc

0 0 0

where P(inst—phase—A) (t>’ P(inst—phase—B) (t), and
P(inst—phase—c)(t) are the instantaneous powers that
flow through the A, B, and C phases for the CHB converter,
respectively.

Table III shows the proposed DC link voltage balancing
technique that is used for any modulation techniques. Table III
shows that by measuring the DC link voltages of each phase
of the converter and the sign of the instantaneous power that is
injected to a phase of the converter, the switching transitions of
the CHB converter can be selected, which balance the DC link
voltages of the converter. The controller block of the AFE that
is used in the simulations is shown in Fig. 2. The controller
in this figure controls the power, that is injected to all three-
phases of the converter. However, the DC link voltages of
the CHB cells cannot be controlled by using Fig. 2. To solve
this issue, Algorithm 1 is used in this paper to balance the
DC link voltages based on Table III. As shown in Algorithm
1, to reduce the required memory of the microprocessor, the
proposed DC link voltage balancing technique uses the V7, to
select the switching states of the converter. As shown in this
algorithm, if the Vp is higher than O, the exact AC output
voltage of cells of the CHB that is obtained from Table III
will be applied to the cells of the converter. However, if the
Vi is lower than 0, the negative of the exact AC voltage
of cells of the CHB that is obtained from Table III will
be applied to the cells of the converter. Moreover, in the
Algorithm 1, the DC link voltages are stored in the memory
of the microprocessor when the voltage level of the CHB is
changed by the modulation technique.

IV. SIMULATION RESULTS OF THE PROPOSED TECHNIQUE

Parameters of the simulation results in this paper are shown
in Table IV. In the simulation results, a full load condition,
which is shown in Table IV, is investigated for a three-phase 7-
cell CHB converter. The PLECS software is used for obtaining
the simulation results in this paper. Fig. 4 shows the time-
domain waveforms of the grid-tied CHB converter for the full
load condition. In Fig. 4, the ¢ component current is equal to
zero. Moreover, the d component current is equal to the power
that is controlled based on the controller in Fig. 2 to balance
the DC link voltages around (200V). Fig. 4(a) shows the three

Algorithm 1 The proposed DC link voltage balancing pseudo-
code.
1. Measure all DC link voltages of the CHB converter in each
phase.
2. Check the voltage level of the time-domain waveform of
the CHB converter based on (10).
3. Save data of the DC link voltages at the time instant that
the voltage level is changed.
4. Compare and sort the DC link voltages to select the best
switching transitions based on Table III.
5. Check the voltage level:
if Vi, > 0 then

| Generate the cells’ voltage based on Table III,
else

| Generate an inverse of the cells’ voltage based on Table III.
end

TABLE IV
PARAMETERS OF THE CHB CONVERTER DURING THE SIMULATION
RESULTS.
Parameter [ Symbol [ Value
AC grid voltage | V(e Grid) 1050V
grid frequency 60Hz
rated power Pominal 30kW
grid inductance Lp 0.054pu
DC link voltage Vide—ref) 200V
number of cells i 7

phase voltages of the grid v(,c—arig)(t). Moreover, Fig. 4(b)
shows the time-domain waveform of the three-phase CHB
voltages v(q.—cw B)(t). Also, Fig. 4(c) shows the time-domain
waveform of the current that is injected to the grid. As shown
in this figure, the ripples of the AC current in the three-phases
are negligible. Thus, the harmonics and TDD of the current
are low. This is due to the fact that the converter uses a high-
switching frequency modulation technique and the coupling
inductance which has a great role in meeting the requirements
of the IEEE Std. 519 standard in (5). Furthermore, Fig. 5
shows the time-domain waveform of the 7-cell H-bridge
voltages that use the proposed voltage balancing technique
in this paper. As shown in this paper, the proposed technique
controls 7-cells of H-bridges to the reference voltage (200V)
within 0.1s without using any PI controllers for balancing
the DC link voltages. As shown, the ripples of the proposed
technique are small. Fig. 6 shows the simulation results of
the proposed voltage balancing technique, when the reactive
current at the PCC is equal to 30A and the active power is
equal to the active current is selected from the controller of
the DC link voltages of the CHB based on the Fig. 2, when
the load of the EV is 120kW. Fig. 6(a) shows the time-domain
waveform of the grid voltage. Moreover, Fig. 6(b) illustrates
the CHB voltage of three-phases. Furthermore, Fig. 6(c) shows
the three-phase injected current of the grid-tied converter. As
shown in this figure, the ripples of the current again are low
due to the high switching frequency of the converter and
the high value of the coupling inductance of the converter.
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Thus, the harmonics and the TDD of the converter meet the
requirements of the power quality standard. Moreover, Fig. 7
shows the DC link voltages of the grid-tied converter, when
1, is equal to 30A and the active current is selected from the
controller of the DC link voltages of the CHB based on the
Fig. 2, when the load of the EV is 120kW. As shown in this
figure, the proposed technique controls the DC link voltages
to the reference voltage (200V) for four-quadrant active and
reactive power.

To prove the advantages of the proposed technique during
the dynamic condition, when the reactive or active power is
changed, a dynamic analysis is done in Fig. 8. The simulation
of the Fig. 8 shows the simulation results of the proposed

Vdc-celll
160 Vdc-cell2
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Vdc-cell5
Vdc-cell6
== == Vdc-cell7
Vdc-ref
| | | | I |
0.1 0.2 0.3 0.4 0.5 0.6
Time(s)

phase-A

Vdc

Fig. 5. DC link voltages of the phase A of a three-phase CHB grid-tied
converter.

voltage balancing technique during dynamic conditions when
the reactive current at the PCC is changed from 30A to -30A
and the active current is selected from the controller of the
DC link voltages of the CHB based on the Fig. 2, when the
load of the EV is 120kW at t=0.15s. Fig. 8(a) shows the time-
domain waveform of the grid voltage. Moreover, Fig. 8(b)
illustrates the CHB voltage of three-phases of the converter.
Furthermore, Fig. 8(c) shows the three-phase injected AC
current of the grid-tied converter. Thus, AC current harmonics
and TDD of the CHB converter are small due to the high
switching frequency of the converter and the high coupling
inductance of the converter. Moreover, in this figure, due to not
changing the reactive power at ¢ = 7, the transient response
is generated in the time-domain waveform of the current of
the converter as discussed in [20]. Moreover, Fig. 9 shows
the DC link voltages of the grid-tied converter during the
transient, when I, is changed from 30A to -30A. As shown
in this figure, the proposed technique controls the DC link
voltages to the reference voltage (200V) for the four-quadrant
active and reactive power. Furthermore, the proposed DC link
voltage balancing technique regulates the DC link voltages
of the converter without significantly disturbing the DC link
voltages. The reactive power is approximately dependent on
the difference between the voltages of the grid and the
CHB converter. While the active power is mainly controlled
by changing the phase difference between the CHB voltage
and the grid voltage. Thus, to change the active power, the
voltage magnitude of the CHB converter will not be changed
significantly or when the reference of the reactive power is
changed, the phase difference of the CHB converter will not
be changed drastically. As shown in this figure, having -30A
reactive current requires a lower CHB voltage magnitude. To
this end, a lower number of CHB cells will be involved in the
transferred power. This also proves that for different reactive
or active currents, the ripples of the DC link voltages are
different.

V. CONCLUSION

In this paper, a voltage balancing technique was proposed
for both low- and high-switching frequency modulation tech-
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niques of the CHB converter. As shown in the simulation
results of this paper, the DC link voltages of the CHB converter
could accurately be regulated for any number of cells by using
the redundant states of the CHB converter. As proven in the
simulation results, the proposed DC link voltage balancing
technique balances the DC link voltages for any low- and
high-frequency modulation techniques, when the current have
any active and reactive currents. The dynamic response of
the CHB converter also was shown to prove the advantages
of the proposed DC link voltage balancing technique under
dynamic conditions. As proven in the simulation results, with-
out increasing the switching frequency of the CHB converter,
the DC link voltages are accurately regulated under dynamic
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conditions. In future work, the hardware implementation of the
CHB converter with the proposed voltage balancing technique
will be investigated. Also, some novel techniques to implement
the proposed technique for a higher number of cells of the
CHB converter will be implemented.
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