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Abstract

For a solid-state transformer (SST), some factors, such as signal delay, switching loss and differences in the system parameters,
lead to unbalanced DC-link voltages among the cascaded H-bridges (CHB). With a control method implemented in the off frame,
the DC-link voltages are balanced, and the reactive power is equally distributed among all of the H-bridges. Based on the off frame
control, the system can achieve independent active current and reactive current control. In addition, the control method of the high-
voltage stage is easy to implement without decoupling or a phase-locked loop. Furthermore, the method can eliminate additional

current delays during transients and get the dynamic response rapidly without an imaginary current component. In order to carry
out the controller design, the vector refactoring relations that are used to balance DC-link voltages are derived. Different strategies
are discussed and simulated under the unbalanced load condition. Finally, a three-cell CHB rectifier is constructed to conduct
further research, and the steady and transient experimental results verify the effectiveness and correctness of the proposed method.
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I. INTRODUCTION

In the past few decades, motivated in part by the success of
smart grids and the energy Internet, the solid-state transformer
(SST) has attracted a lot of attention [1]. The SST can also be
called a power electronic transformer (PET) or a universal
transformer [2], [3]. It offers better performance in terms of
size and weight, and has the features of electrical isolation,
harmonic isolation, voltage conversion, renewable energy
access, and power factor correction [4], [5]. Future electric
power distribution systems should be designed to promote the
plug-and-play interface of distributed renewable energy and
distributed energy storage devices. This new type of transformer
is expected to be widely applied to the energy Internet [6], [7].

Researches at North Carolina State University presented the
configuration of a three-stage 20-kVA SST in [8], which
consists of a rectifier stage, an isolated stage and an inverter
stage. Feng et al. [9] presented a review of the SST based on
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railway traction systems with unique application features and
requirements. Zhao et al. [10] focus on the isolated stage of the
SST. Generally speaking, the three-stage SST has attracted a
lot of attention in multiple topologies [11].

The normal operation of the rectifier stage is the key to a
three-stage SST. Multilevel converters applied to the rectifier
stage are becoming increasingly popular because due in large
part to their unique advantages over two-level converters, such
as lower switching stress during the turn on and turn off of
semiconductor devices, less reverse voltage, lower current
rating, lower rating filter requirement, etc. [12], [13]. The CHB
rectifier achieves a better performance over other multilevel
converters due to its advantages in terms of modular structure,
fewer switching devices, and independent unit of the DC side
[14], [15].

In view of the CHB rectifier, one of the main issues is to
achieve voltage balance. Given the differences in the power
losses and pulse delay, there is a divergence in the power
conversion among cells [3], [16], [17]. For the DC-link voltage
of each CHB, it is desirable to be the same as the voltage
reference.

Common DC-link voltage balance methods of the CHB
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rectifier stage can be divided into two types. 1) Utilizing the
redundant switching vectors in the modulation [18]-[20]. 2)
Adding a voltage balance controller to the original system
[21]-[27]. The first type requires a central switching controller.
However, it is difficult for a system to extend higher voltage
levels with an increasing amount of redundant states. The
second type typically regulates the active power controlled by
each of the H-bridges to individually balance the DC-link
voltage. This paper uses the second type of voltage balance
method with aff frame control.

In this paper, a control method in the af frame is presented

to achieve the following objectives.

1) Balancing the DC-link voltage and forming a reasonable
power distribution for each of the H-bridges in the rectifier
stage of SSTs.

2) Reactive power compensation for SSTs.

3) Simplifying the control structure, lessening the calculative
burden and achieving a better transient-state performance.

Conventionally, the second type of method mainly focuses
on the unbalance issues in the d-q coordinate system. Single
phase d-q coordinate control is applied in the rectifier, which
needs to implement a stationary-to-rotating coordinate transform
(ap to d-q) with the aid of an imaginary current. Usually, a
phase-locked loop (PLL) and coordinate transform are used in
the d-q coordinate system, which increases the calculation
burden of embedded processor [27], [28].

In addition, a d-q double closed-loop system needs decoupling
control. It is easy to bring coupling effects to a system due to
the additional voltage balance controller. For some reported
control methods, an N-cell CHB rectifier has N voltage
regulators. A generalized per-phase DC-link voltage balance
control strategy of a three-phase STATCOM is presented in
[21]. In [22], the unbalanced-load correction of a three-phase
three-stage PET with nine voltage regulators is presented.
However, no attempt is made to identify or eliminate the
coupling effect between the voltage balance controller and the
original closed-loop system [21], [22].

When compared with [21], some improvements have been
made in relevant studies. For instance, an N-cell CHB rectifier
is controlled by (N-1) individual DC-link voltage regulators.
Furthermore, a reduction in the coupling effect between the
voltage balance controller and the d-q control system is
implemented in [23]. The conditions that eliminate the coupling
effect between the voltage balance control and double closed-
loop system are identified in [24]. However, the dynamic
performance of the input current is not good when a proportional
integral (PI) controller is used. A proportional-resonant (PR)
controller is applied to track the AC reference signal with zero
steady-state error in this paper.

The rectifier stage of an SST also has reactive power
compensation capability. In [25], the sign of the active power
reference is used in the voltage balance controller for a CHB.
Therefore, it is obviously an insufficiency that reactive power

control is often neglected.

In this paper, a method for the voltage balance and power
control for the N-cell CHB rectifier stage of an SST in the off
frame is used. The main technical route is adding the
compensation components of the duty cycle vectors to the
common duty cycle to reconstruct the duty cycle vectors. (V-
1) DC voltage regulators are coordinated with each other
according to the vector relations. Therefore, N compensation
components are generated without decoupling. In particular,
the duty cycle regulates the DC-link voltage balance while the
relationship of the power distribution is also considered. The
voltage balance controller maintains a uniform distribution of
the reactive power, and it distributes the active power
according to the demands of N-cell H-bridges. In experiments,
when compared with the d-q coordinate control, the aff frame
control shows better dynamic performance and eliminates the
additional current delay in transients. The phase difference
between the grid voltage and current changes with the alteration
of the current reference. It is confirmed that rectifier stage of
the SST is capable of realizing independent control of the
active and reactive power. Generally speaking, the off frame
control only needs an imaginary voltage component. It does
not require an imaginary current component or a PLL, which
simplifies the control structure.

This paper is organized as follows. First, the modeling of the
SST is introduced in section II. Next, a new principle of
voltage and power control is presented in section III. Section
IV shows simulations and experimental results that verify the
proper operation of the CHB rectifier. Finally, section V
concludes this paper.

II. MODEL OF A THREE-STAGE SST

A. Rectifier Stage of an SST Based on the CHB Topology

Fig. 1 shows the configuration of a three-stage SST. The
SST consists of a CHB rectifier, dual active bridge (DAB)
converters with high-frequency transformers and an output
stage with a parallel-connected H-Bridge. Where us is the input
voltage, is is the input current, ua.: is the in H-bridge DC-link
voltage, i, is the input current of the DAB converter, L is the
input inductance, and C:; is the DC capacitance. The symbol i
is the serial number of each H-bridge (i=1, 2, 3).

Where, ua is defined as the PWM voltage of the CHB
rectifier. Therefore, seven distinct AC voltage levels ua: can be
applied to the AC input terminal between points “a” and “b”.
Since all of the H-bridges are connected in series, the
instantaneous total PWM voltage of the CHB rectifier is equal
to the sum of the individual H-bridge AC voltages.

Ugp =U HU U5 (D)

Mathematical analyses of a three-cell CHB rectifier have
been carried out. The differential equations of the CHB
rectifier are described as follows:
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Where, S; is the switching function of the H-bridge, d; is the
duty cycle of the H-bridge, ws=2zfs, fs is the switching
frequency, and ¢ is the sampling time. The switching model can
be shown in Fig. 2. Then the Fourier transform for S; can be
expressed as follows:

n

S;=d; + § -1 isin(naf/r)cos(ncust) Q)
n= nrw

Then the H-bridge AC voltage can be expressed as:
Uy = ged; (6)

The average model is given in Fig. 3. For the sake of
simplicity, it is assumed that the power loss differences among

Fig. 5. Voltage vectors under unbalanced load condition.

the different converter modules are the same and very small.
They are neglected in the average model. Ideally, it is
concluded that wae1, us2 and wuacs are equal to E when the
parameters of the H-bridge are the same. E is the DC-link
reference voltage of each H-bridge. The value of d; for each of
the H-Bridges is replaced by a common duty cycle d.

B. Imbalanced Analysis of a CHB Rectifier

Unbalanced DC-link voltages cause capacitance or IGBT
device over-voltage and trigger system overvoltage protection.
The unbalanced power causes device over-current and results
in unbalanced heat distributions. The conventional control in a
double closed-loop system is mainly based on d-q coordinates,
and maintains the DC-link voltage balance among all of the H-
bridges by a common duty cycle d. In reality, the DC-link
voltages become unequal when the loads are different. Once
the DC-link voltages increase, the power switch fails or the
input current becomes highly distorted.

The CHB rectifier PWM voltage vector is the sum of all the
H-bridge AC voltage vectors. As shown in Fig. 4, the
constraints of the voltage vectors are given by (1) and (6) when
the loads are the same. Where, Ui is the i H-bridge AC voltage
vector, /s is the single-phase input current vector, and Us is the
single-phase input voltage vector. D generated by a double-
loop is defined as the common duty cycle vector. Fig. 5 shows
voltage vectors under unbalanced load condition. Up; is the
projection of voltage in the active direction, Uqi is the
projection of voltage in the reactive direction, 6 is the angle
between the grid voltage and current, and ¢ is the angle
between the current and common duty cycle. The complex
power provided by the power grid can be expressed as:

S, =P, +jO, =Uyl cosO+jUy sin@ 7
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The power unbalance among the different H-bridges can be
simply induced by the unequal resistance R; paralleled with the
DC-link capacitance. According to the linear modulation
theory, the active power P; and reactive power O; on the DC
side of the CHB are calculated as:

2

S;=F+j0; = ‘zl +Cittge; dju )]

1

Assuming that the losses are negligible, the input power on

the AC side is equal to the output power on the DC side. Hence:

{Pz’ =U;l, cos; =ugDil; cos g ©)

O, =Udsing; =uy,; D sing;

The derivations are based on the assumption of one double
closed-loop system. Where, ¢;is the angle between the current
and U:. In addition, D; of each H-bridge is equal to D.
Substitute D into (9) and (10). Then the DC-link voltage wuci
meets the following relation:

Ydei —pJ cos g (10
R;
Thus, the relation between the DC-link voltage 4. and Ri is
as follows:

Ude _ Yde2 _ .., _ MdeN. an
R R Ry

Substitute the derived result from (11) into (9). In the case
of one double closed-loop system, the greater the resistance
becomes, the greater the DC-link voltage ua., the active power
and the reactive power become (as shown in Fig. 5). In other
words, although the total voltage is still controlled by the double
closed-loop system, the unbalanced voltage distribution among
the cascaded H-bridges exists. Specifically, in order to balance
the DC-link voltages among the cascaded H-bridges, a
modification of the duty cycle is added to the d to form d; for
each of the H-bridges.

Reactive power is calculated as:

dudci

=Cau .
Ql dci dt

(12)

Reactive power is influenced by DC ripple voltage when uaci

is regulated to the reference voltage. According to [23], a

voltage balance controller is added to the double closed-loop

system in d-q coordinates. The analysis shows that the

introduction of a voltage balance controller produces a

coupling effect on the double closed-loop d-q coordinate

system. Differential equations of a CHB rectifier with basic

double closed-loop control in the d-q coordinates can be
described as follows:

deli—std = a)Lisq +ugy —dyNuy,,
(13)

dig, i
L? =wLiy +uy, —d Nug,

Where, uaq is the average value for all of the DC-link
voltages, us« and us, are the d-axis and g-axis components of
the input voltage us, ds and d; are the d-axis and g-axis duty
cycles, and i and is; are the d-axis and g-axis input
inductance currents, respectively. When the DC-link voltages
are unbalanced, the differential equations of the double closed-
loop system are transformed into the following:
disd . y
T = C‘)Llsq +iutgg —dgNuge, +(dgNuge, = Z dgittge;)

i=1
(14)
diy, , N
L 7 =wLigy g, _qu“dca + (qu“dca - qui“dci)
i=1

L

N
Comparing (13) with (14), ddNudw—de,-uda- and

i=1

N
d,Nuge, — quiudci are additional terms generated by the

i=1

voltage balance controller.

C. of Frame Control

In general, adding a voltage balance controller to a d-q
double closed-loop system makes it necessary to solve the
coupling effect between the voltage balance controller and the
original system. In addition, using a voltage balance controller
to maintain a balanced DC-link voltage in d-q coordinates
needs a PLL and a coordinate transform. Thus, this paper
presents a new type of control method in the aff frame without
decoupled d-q vector control or an imaginary current. The
amplitude of u= (uq, up) T is a constant that can be described

as:
Jul = Jua® +ug’ (15)

Where, u, and ug represent the components of u in the aff
frame; projections of us in an aff frame system are made to
obtain the voltage unit vectors (ve, vp); U« and us are in phase
and have same amplitude; and an imaginary voltage uy that is
lagging the grid us by 90° is generated by us through a second
order generalized integrator (SOGI). The unit vectors are

derived as:
e
vg ] |ullup

A control block in the aff frame is shown in Fig. 6, and this
block consists of a double closed-loop control, a unit voltage
control and a voltage balance control. In this case, the active
current reference is  is the output of the voltage loop PI
regulator; the reactive current reference is; is directly given;
the outer voltage loop regulates the total DC voltage; the errors
between the measured current is and current reference is" are
input to the PR regulator that can track the AC reference signal
with zero steady-state error; and d is generated by the PR
regulator and is integrated with Ad; (modulation generated by
the voltage balance controller) to form d; for each H-bridge.
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Fig. 7. Comparison of two different balance controls.

III. METHOD BASED ON VECTOR REFACTORING

The balance control of a CHB rectifier is shown in Fig. 7.
The refactoring duty cycle is to correct small changes in the
modulated duty cycle during this process. The voltage loop
control is to make the DC-link voltage of each independent H-
bridge track the average voltage of all the H-bridges so as to
balance the DC-link voltage. A comparison of two different
approaches for voltage and power control is shown in Fig. 7.
The red route indicates the common duty cycle modulation
strategy in a double closed-loop system. The difference
between NO.1 route and NO. 2 route is that NO. 2 route also
considers the reactive power balance in addition to the voltage
balance.

If the DC-link voltages among the H-bridges are balanced,
the geometric relation in Fig. 7 can be derived from (10).

OA:AB:BC=P|:P2:P3=L:L:L (17)
R Ry R
The relation of the reactive power among the H-bridges in
NO.I route is:

OA;:AB;:BiCi=Q;:Q2:Q3 (18)

The active duty cycle is only adjusted to achieve the DC-
link voltage balance, while the reactive power balance is not
realized.

The relation of the reactive power among the H-bridges in
NO.2 route is:

P\
R>Ry>Rs

Fig. 8. Duty cycle vector under balance control.

OA,=A,B,=B,C, (19)

The common duty cycle exerts the same effect on each of
the H-bridges. Therefore:

Qi =Q2=Q3 (20)

From the vector analysis, one conclusion is derived. The
reactive power balance can be achieved on the basis of the
voltage balance.

AU\ and AU, are compensation voltages. According to the
vector relationship, the following equation is established:

Du,. + AU, = U,
Dudc +AU2—AU1:U2 (21)
Dug, — AU, = Us

Thus, the relation of the duty cycle vectors is shown in Fig. 8.

D+ M, =D,
D+M,-M,=D, (22)
D-M,=D;

Where, M1 and M- are generated by DC voltage regulators,
and have a direction that is opposite that of the input current.
This relation of the duty cycle vectors can also be applied to
an N-cell CHB.

AD; = M; ~ M.,
Uani = udciDi

It should be noted that (23) provides the fundamental
relations among the modification values of the duty cycles for
an N-cell CHB rectifier. AD; and D; are the vectors of Ad: and
d;, respectively. Ad; is added to the original d, and d; for the in
H-bridge is adjusted. The active power is redistributed to
eliminate voltage unbalance. Ad| for the first H-bridge is equal
to M1, Ady for the last H-bridge is equal to (-Mx.1), and My= 0.

{Ad,. =M,-M,,

24)
Ady =-My

Only (N-1) DC voltage regulators are used to maintain the
DC-link voltage balance for an N-cell CHB rectifier. The idea
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Fig. 9. Voltage balance control for a CHB.

TABLE I

SIMULATION PARAMETERS OF THE SYSTEM
Parameters Value
Grid voltage (us) 220V
Grid frequency (f) 50 Hz
Input inductance (L) 3.0 mH
DC-link total voltage (u4.) 400V
DC-link capacitance(C) 4700 pF
DC-link load resistance (R;) 15Q
Cell number of H-Bridge 3

is to adjust the duty cycle for each of the H-bridges so the
distributions of the total transferred power are guaranteed.
Hence:

N
D Ady = My +(- My+Ma )+ H(- My 2+ My 1)-M,, 1 =0 (25)

i=1

{Pi:(Dudc+AUi_AUi'1)]SCOS¢i <i<N  (26)

Q; =uy DI sing

Therefore, the total DC-link voltage regulation is not
affected. Meanwhile, the projection of AU in the reactive axis
is zero, which means the active power is distributed as per
demand and the reactive power is not affected. Fig. 9 shows
the voltage balance control based on equation (23).

IV. SIMULATION AND EXPERIMENTAL
RESULTS

A. Simulation Results

To verify the DC-link voltage balance and power control for
a three-cell CHB rectifier under unbalanced load conditions,
two different control strategies are simulated in the capacitive
mode. In the simulation case, the DC-link voltage is regulated
to the reference 400 V total (133 V per H-bridge) and the
single-phase input voltage is 50 Hz 220 V.

The main parameters for the system are shown in Table I.
Fig. 10 shows the DC-link voltages of the three-cell CHB
without a voltage balance controller. Initially, all of the DC-
link load resistances are same and equal to 15 Q. Then at time
t=1.0 s, the DC-link load resistance connected to the third H-
Bridge is changed to 10 Q. Before 1.0 s, the three H-bridges

160

— Uge)

— Ude2

—_— U4de3
s

80 . " L L
0.8 0.9 1.0 1.1 1.2 1.3 1.4
t/s

Fig. 10. DC-link voltages without a voltage balance controller.

160
ol VWV
§ 120F
— Ugel
100f —— wuge
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0.8 0.9 1.0 1.1 1.2 1.3 1.4

t/s
Fig. 11. DC-link voltages with a voltage balance controller.

transform the same amount of DC voltage, udict = tdc2 = a3
=133 V. However, after the third load resistance is changed,
uder and w4 are increased, but wuss is decreased. The
summation of all the DC-link voltages is equal to the setting.
The H-bridge connected with the smaller resistance has a
lower DC-link voltage.

Fig. 11 shows three DC-link voltages with voltage balance
control (the strategy shown in Fig. 9 is implemented), and the
injection of a 10 A reactive current iy, . Initially, the voltage
balance control is activated. It can be seen that the three DC-
link voltages are balanced. At 1.0 s, the DC-link load resistance
connected to the third H-bridge is changed to 10 Q. As shown
in Fig. 11, the voltage balance control is achieved even with an
unbalanced resistance. A partial zoomed view of the DC-link
voltages is shown in Fig. 11. With the voltage balance control
built in the aff frame system in this paper, the controller is able
to quickly bring voltages back to the setting. Obviously, the
DC ripple voltages of the three-cell CHB rectifier are nearly
same as those in Fig. 11. Therefore, the reactive power that is
supplied by each of the H-bridges to the grid remains identical.
This conclusion matches well with the one presented in [26],
which verifies the potential for the equal distribution of
reactive power.

B. Experiment Results

To verify the voltage balance and power control in the off
frame, an experiment platform of a three-cell CHB rectifier has
been implemented. The proposed algorithm is implemented by
a TMS320F28377D (32-bit floating-point processor). The
CHB rectifier is connected to the utility grid voltage through a
coupling transformer and a voltage regulator, which ensures
the safety of the experimental equipment. The DC-link voltage
reference is regulated to the reference 150 V in total (50 V per
H-bridge).

In order to compare d-q coordinate control with aff frame
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Fig. 12. Step current reference change of the capacitive mode. (a)
d-q coordinate control. (b) aff frame control.

. (200V/Div)

i, (10A/Div) ¢ (10ms/Div)

@

115 (200N /Div)

isg (10A/Div)

t (10ms/Div)

(b)
Fig. 13. Step current reference change of the inductive mode. (a)
d-q coordinate control. (b) aff frame control.

control in terms of transient-state response, a step reactive
current reference (change is;") is changed in both coordinate
controls. To compare in an easier way, a step-change signal is
triggered by the zero-crossing detection of post-processing
blocks in the TMS320F28377D. The -capacitance and
resistance that are connected to the DC bus of each H-bridge
are substituted to the DC source at this moment. iy, is stepped
from 10A and -10A to 0. In terms of Fig. 12 and Fig. 13, the
ofy frame control makes the system respond rapidly, and can
exactly track the new current reference within 1ms.

Fig. 14 shows experimental results of the three-cell CHB
rectifier under balanced load conditions. The CHB rectifier
stage of the SST converts the input AC voltage into the
regulated DC voltages and has reactive power compensation
capability. The reactive current reference can be generated and
communicated to the TMS320F28377D controller. After the

t (10ms/Div)

f\”\ﬁ i

W

115 (100V/Div)

t (10ms/Div)
/‘\(MS(?YDW) /ﬁ/ /?\/Dlv) /,\
\u/ab(wox&v) \'/ \'/
0
t (10ms/Div)
(0)

Fig. 14. Experimental results of a CHB in the steady state. (a)
Unity power factor mode. (b) Capacitive mode. (c¢) Inductive
mode.

reactive power reference is altered in the controller, the CHB
can generate or absorb reactive power to the power grid. Fig.
14(a) shows a seven-level PWM voltage, a single-phase grid
voltage and an input current waveform. The input current is in
phase with the grid voltage, which indicates a unity power
factor. As shown in Fig. 14(b), the input current is leading the
grid voltage. As a result, the three-cell CHB rectifier is
generating reactive power to the input. In Fig. 14(c), the input
current is lagging the grid voltage. Therefore, the three-cell
CHB rectifier is absorbing reactive power from the power
system.

In order to verify the unbalanced-load correction capability
of the above mentioned three-cell CHB rectifier, the load
resistance R3 connected to the third DC-link H-bridge is



494 Journal of Power Electronics, Vol. 19, No. 2, March 2019

g1 (20V/Div) :udCZ (20V/Div)

*WMM
a3 (20V/Div)

t (50ms/Div)
Fig. 15. DC-link voltages without balance control.
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Fig. 16. DC-link voltages with balance control.

dynamically changed to form the active power differences.
The load resistance Rs changes from 15 Q to 10 Q, while R
and R» are kept at 15 Q. Fig. 15 shows three DC-link voltages
without the voltage balance control. The three DC-link
voltages are all regulated at 50 V when the loads are the same.
However, after the third load changes, the three DC-link
voltages become 58 V, 58 V and 34 V. The summation of all
the DC-link voltages is equal to the total reference. Fig. 16
shows three DC-link voltages with the voltage balance control.
Even if the load resistance changes, the balance controller can
quickly regulate the DC-link voltage uac3 back to the setting.
The experiment verifies the effectiveness of the voltage
balance controller.

Fig. 17 examines the transient-state response with step
current changes in iy in the af frame system. In Fig. 17(a),
the grid voltage us is in phase with the input current is when
is" i 9 A and is;" is O A initially. The value of is;" is stepped
from 0 A to 5 A at 55 ms. In Fig. 17(b), grid voltage us is
lagging the input current is when is;” is 5 A initially. The value
of is," is stepped from 5 A to -5 A at 45 ms. In Fig. 17(c), the
grid voltage us is leading the input current is when is," is -5A
initially. The value of is;" is stepped from -5A to 5A at 45ms.
Along with the current reference changes, the phase difference
between us and #s has corresponding changes. As observed in
these figures, the input current is in the off frame control can
exactly track the new current reference under transients. The

i /;Y*us_(zo
i

0

V/]Siv)}Y iy (
/'I )

i (10A/Div)

t (10ms/Div)

(b)
g u, (200V/Divy is
0 '! j

o ab (100V/Div) | A step change in i

¢ (10ms/Div)

©

Fig. 17. Step current reference change in the inverting mode. (a)
isg® from OA to SA. (b) iss* from 5A to -5A. (c) isg* from -5A to
SA.

obtained results confirm the correct operation of the aff frame
control during reactive current changes.

V. CONCLUSIONS

A control method in the off frame is introduced in this paper.
The proposed method aims to resolve the DC-link voltage
unbalance and power mismatch problems among H-bridges.
The control method can be extended to the N-cell CHB
rectifier stage of a SST. The following points summarize the
work presented in this paper.

1) The af frame control structures are simple since they

only need an imaginary voltage component. They do



2)

3)

[10]

[11]

Voltage Balance Control of Cascaded H-Bridge Rectifier-Based ... 495

not require an imaginary current component or a PLL.
Refactoring the duty cycle can achieve DC-link voltage
balance and reactive power function control without a
coupling effect on the original system.

When compared with the d-q coordinate control, the off
frame control shows a better and faster transient-state
performance.
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