
energies

Article

Carrier-Phase-Shifted Rotation Pulse-Width-Modulation
Scheme for Dynamic Active Power Balance of Modules
in Cascaded H-Bridge STATCOMs

Chen Xu 1 , Jingjing Chen 2 and Ke Dai 1,*
1 State Key Laboratory of Advanced Electromagnetic Engineering and Technology, School of Electrical and

Electronic Engineering, Huazhong University of Science and Technology, Wuhan 430074, China;
xuchen_hust@sina.com

2 State Grid Jingzhou City Jingzhou District Power Supply Company, Jingzhou 434100, China;
chenjj8391@foxmail.com

* Correspondence: daike@hust.edu.cn; Tel.: +86-(0)27-87543071

Received: 4 February 2020; Accepted: 24 February 2020; Published: 26 February 2020
����������
�������

Abstract: In the medium-voltage power distribution system, cascaded H-bridge (CHB) static
synchronous compensators (STATCOMs) are widely utilized to solve power quality issues
by injecting the controlled reactive current into the system. The carrier-phase-shifted (CPS)
pulse-width-modulation (PWM) scheme is preferred for CHB-STATCOMs, because it can minimize
the compensating current distortion and realize the relative active power balance among the H-bridge
modules. This paper reveals the influence of the carrier phase difference on the module active power
balance, and proposes a carrier rotation technique with a CPS-PWM scheme to address this drawback.
The rotation rules were analyzed, and the rotation time was especially designed to enhance the
robustness of the system. With the proposed method, the natural dynamic active power balance
of each module could be achieved, and the capacitor voltage could maintain balance without the
individual capacitor voltage control or the auxiliary circuits in theory. The experimental results
acquired from a downscaled CHB-STATCOM prototype demonstrated the feasibility of the proposed
CPS rotation PWM scheme.

Keywords: cascaded H-bridge; static synchronous compensator; carrier-phase-shifted; carrier
rotation; active power balance; multilevel converter

1. Introduction

With the increase in various renewable energy sources and power electronic devices connected
to the microgrid or power distribution systems, power quality problems, such as voltage fluctuation
at the point of common coupling (PCC), harmonic pollution, uncontrolled reactive power, and poor
power factor become more serious [1,2].

A fixed capacitor bank in parallel to the power system is an old technology to manage the system
reactive power [3]. However, its compensation range is discontinuous and the dynamic response is
very low. With the development of semiconductor technologies, the thyristor-controlled static var
compensators (SVC) appeared in the late 1970s [4]. Then, the flexible AC transmission system (FACTS)
equipment based on fully controlled devices, e.g., insulated gate bipolar transistor (IGBT), began to
take the place of the thyristor-controlled SVC, benefiting from a larger compensation range, a higher
switching frequency, a lower harmonic injection, and a faster dynamic response [5]. Static synchronous
compensators (STATCOMs) are the major FACTS equipment. Its mode is designed to dynamically
adjust the reactive power of the AC microgrid [6], is controlled as a voltage source and injects capacitive
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or inductive reactive current into the system, which is helpful for PCC voltage regulation, power factor
correction, transient stability improvement, and system oscillation suppression [7,8].

In order to accommodate to the high voltage and large capacity requirements in modern power
distribution or transmission system, multi-pulse and multilevel circuit became the major choices for
STATCOM [9–16]. The multi-pulse STATCOM utilizes a zigzag transformer connected to the utility line.
There are obvious disadvantages, such as high cost, large volume, and high power losses. Moreover,
the transformer saturation effect might create difficulties for designing the control system [9]. As for
multilevel STATCOMs, the device or module cascaded topology replaces the function of the transformer,
and the above side-effects are greatly avoided. A three-level diode-clamped multilevel converter
was introduced in [10] and it has been expanded to more than four-levels, since its appearance [11].
However, the number of clamping diodes and the severe problems with DC-link voltage control
restrict the further expansion of the voltage levels. A flying capacitor-clamped multilevel converter
was first proposed as a chopper in [12]. For this topology, the clamping capacitors voltages were
automatically balanced when an adequate modulation scheme was implemented. However, when the
switching frequency was low, the capacitances became large for maintaining the voltages within the
switching period [13]. A cascaded H-bridge (CHB) converter with a star connection first appeared
in [14], which omitted the clamping components. Its delta-connection configuration was presented
in [15], and the three-phase independent control enhanced the system reliability. Due to the high
efficiency, excellent output current characteristics, high modularity and scalability, CHB has become
the most preferred choice for the STATCOM project installation, till date [16].

In a single phase of a CHB-STATCOM, the AC-sides of the H-bridge modules are connected
in series, and the cascaded phase voltage are synthesized by the AC-side output voltage of each
module. Therefore, it is important to maintain the DC-side capacitor voltage balance of the modules
for its safe operation. The multi-carrier, pulse-width-modulation (PWM) modulation methods, e.g.,
carrier-phase-shifted (CPS) and carrier-phase-disposition (CPD), are commonly recommended for
CHB-STATCOMs [17,18]. With an appropriate carrier allocation for each module, some switching
harmonics can be canceled out in the cascaded voltage, and the equivalent switching frequency
can be increased, which would contribute to the voltage and current waveforms with good quality.
Considering the consistence of each module, the CPS method is preferred, where the switching
frequencies for the modules are identical. It realizes the relative active power balance among the
modules neglecting the carrier phase differences [19]. The asymmetrical CPS–PWM method was
proposed to improve the switching harmonic performance of the partly regenerative converter by
eliminating low-frequency switching harmonics [20], and the fundamental component in the AC-side
voltage of the module is regarded as the same as that of the voltage reference in the PWM process.
The carrier phase would also affect the fundamental component, especially when the carrier frequency
is relatively low. Thus, if the minor carrier phase differences among the modules are taken into
consideration, the active power of the modules would be slightly different and the capacitor voltages
would diverge from the rated value without any limitation. In the end, with an increasing degree of
imbalanced capacitor voltages, the fault current would trigger the protection system and the converter
would stop working.

There are two main technical routes to overcome the different active power of the modules and
maintain the capacitor voltage balance for CHB-STATCOMs. On the one hand, [21,22] introduced the
external balance circuits to realize the active power exchanges among different modules. Nevertheless,
they increased the cost and complexity of the systems. On the other hand, some additional close-loop
active power control strategies were proposed for an individual module [23–25]. These methods
changed the voltage reference to achieve the balance, but increased the complexity of the control
system. None of the above methods solved the problem of active power imbalance caused by the
carrier difference in the modulation process and realized the complete natural active power balance for
the modules.
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In this paper, the influence of the carrier phase difference on the module active power balance is
revealed, and a CPS rotation (CPSR) PWM scheme is proposed to overcome this drawback. The rotation
time is designed to enhance the robustness of the system and its realization is illustrated. With the
proposed method, the natural dynamic active power balance for the modules can be realized.

The outline of the remaining part is organized as follows. Section 2 introduces the basic control
method for CHB-STATCOMs. Section 3 describes the conventional CPS-PWM method and analyzes
the influence of the carrier phase difference on the module active power balance. Section 4 proposes
the CPSR scheme and explains the rotation rules to enhance the system robustness. Section 5 shows
the experimental verification. Finally, Section 6 concludes the whole paper.

2. Basic Control Method for CHB-STATCOM

A three-phase CHB-STATCOM with a star configuration is illustrated in the left part of Figure 1.
One phase of the STATCOM comprises N CHB modules and a buffer inductor L in series. ix represents
the three-phase compensating reactive current of the STATCOM and vx represents the three-phase
grid voltage, where x = a, b, c. The positive direction of the compensating current is defined from the
grid to the converter. Therefore, if it leads the grid voltage by 90 degrees, the converter works in the
capacitive mode and injects inductive reactive current to the grid. Contrarily, the converter works in
the inductive mode and injects capacitive reactive current to the grid with the compensating current
lagging the grid voltage by 90 degrees.
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Figure 1. Configuration of star-connection the three-phase cascaded H-bridge static synchronous 
compensators (CHB-STATCOM) and schematic dual-loop control block diagram. 

Its classical voltage and current dual-loop control is illustrated in the right part of Figure 1. The 
external voltage loop ensures the feedback average capacitor voltage, UC_ave, and tracks the capacitor 
voltage reference UC_ref. It can be regarded as the entire active power control for the converter. The 
inner current loop based on the d-q coordinates makes the compensation current track the current 
reference Iq_ref with zero error [26], where ωt represents the phase-locked-loop message. The d-q 
decoupling skill in the inner current loop can speed up the transient regulation of the controller [27]. 
The grid voltage feedforward loop enhances the system stability and avoids the interference of the 
grid voltages [28]. The final voltage reverence vx_ref is given to the modules per phase to generate the 
drive pulses through their PWM processes. 
  

Figure 1. Configuration of star-connection the three-phase cascaded H-bridge static synchronous
compensators (CHB-STATCOM) and schematic dual-loop control block diagram.

Its classical voltage and current dual-loop control is illustrated in the right part of Figure 1.
The external voltage loop ensures the feedback average capacitor voltage, UC_ave, and tracks the
capacitor voltage reference UC_ref. It can be regarded as the entire active power control for the converter.
The inner current loop based on the d-q coordinates makes the compensation current track the current
reference Iq_ref with zero error [26], where ωt represents the phase-locked-loop message. The d-q
decoupling skill in the inner current loop can speed up the transient regulation of the controller [27].
The grid voltage feedforward loop enhances the system stability and avoids the interference of the
grid voltages [28]. The final voltage reverence vx_ref is given to the modules per phase to generate the
drive pulses through their PWM processes.
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3. CPS-PWM Method and Carrier Phase Difference Influence on Module Active Power Balance

3.1. Conventional CPS-PWM Method

A unipolar double-frequency modulation rule [29] is chosen for the PWM process in this paper,
which is shown in Figure 2. During the voltage reference vx_ref is positive, if the carrier is between
vx_ref and −vx_ref in the blue area of Figure 2, the H-bridge module outputs positive voltage level UC.
Otherwise, it outputs zero voltage level. During the voltage reference, vx_ref is negative if the carrier
is between vx_ref and -vx_ref in the red area of Figure 2, and the H-bridge module outputs negative
voltage level -UC. Otherwise, it outputs zero voltage level.
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With the double-Fourier analysis tool [30], the components with the different frequencies in the
output voltage of the H-bridge module can be decomposed as (1).
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where the initial phase angles for the voltage reference and carrier are set to be 0 and αc, respectively.
M is the modulation index. ωs is the fundamental angular frequency of the voltage reference and ωc is
the angular frequency of the carrier. Jn(x) is the Bessel function [31].

Equation (1) indicates that, the output voltage of a single H-bridge module contains a fundamental
component, and sideband harmonic components whose frequencies are around the even multiples of
the fundamental frequency. The switching frequency is the double of the carrier frequency.

Assume that N H-bridge modules are connected in series with constant capacitor voltage UC,
and the carriers for the modules have π/N phase shifters, the cascaded output voltage F(t) can be
obtained as

F(t) = NMUC sin(ωst) +
4UC

π
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m=2,4,···
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n=±1,±3,···
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L=0
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mLπ
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)
t
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Taking N = 3 as an example, Figure 3 shows the vector graphs for the sideband harmonic
components for these three modules. When m , 6k, where k is a positive integer, the sideband
harmonics evenly distribute in the space as shown in Figure 3a, and they would not contribute to the
cascaded output voltage. When m = 6k, the amplitudes and phase angles of the sideband harmonics
are the same for the three modules, as shown in Figure 3b, therefore, they would triple in the cascaded
output voltage. When N is another positive integer, similar conclusions can be drawn.
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Equation (3) indicates that, with the CPS-PWM method, the cascaded output voltage of N H-bridge
modules comprise a fundamental component, and sideband harmonic components whose frequencies
are around the 2N multiples of the fundamental frequency. Therefore, the equivalent switching
frequency raises to 2N times of the carrier frequency.

It should be noted that, in this case, the phase shifter is π/N, and it is suitable, irrespective of
whether N is odd or even. However, if the phase shifter is π/2N, this effectiveness can only be realized
when N is an odd.

3.2. Carrier Phase Difference Influence on Module Active Power Balance

Ignoring the power losses of the CHB-STATCOM, and assuming the capacitor voltages of the
modules are balanced, the vector graphs for the fundamental current and voltages in the CHB-STATCOM
are shown in Figure 4, in the case of N = 3. The output voltages of these three modules are defined
as f 1, f 2, and f 3, respectively. The grid voltage and voltage on the buffer inductor are determined as
v and vL, respectively; i is the current in this loop, and their specified positive directions have been
given. As shown in the right part of Figure 4, f 1, f 2, and f 3 have the same phase angles with the gird
voltage v, but the phase angle of the inductor voltage vL is the opposite. Thus, the current i leads
vL by 90 degrees, but lags v by 90 degrees. Therefore, in this circumstance, the converter works in
the inductive mode. As for the modules, because the vectors of the output voltages f 1, f 2, and f 3 are
vertical to that of the current i, there is no active power flowing into the module, which ensures the
capacitor voltage to keep balance in this ideal state. Considering the power losses, the external voltage
loop shown in Figure 1 can manage the entire power losses of the converter.

From the module output voltage expression shown as Equation (1), the fundamental component
is revealed in the first term, and the sideband harmonics are revealed in the second term. However, the
sideband harmonic clusters would affect the fundamental component with the following prerequisite.

mωc + nωs = ωst (4)

Defining the carrier ratio ωc/ωs = K, Equation (4) is simplified as

n = 1−mK (5)
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Substituting Equations (4) and (5) into Equation (1), the fundamental component resulting from
the sideband harmonics is calculated as

f ′(t) =
4UC

π

∞∑
m=2,4,···

{ 1
m

J1−mK

(mMπ

2

)
sin[(ωs −mαc)t]

}
(6)

The Bessel function has the following characteristics [31],

J−λ(ξ) = (−1)λ Jλ(ξ) (7)

Thus, Equation (6) can be rewritten as

f ′(t) = −
4UC

π

∞∑
m=2,4,···

{ 1
m

JmK−1

(mMπ

2

)
sin[(ωs −mαc)t]

}
(8)
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Seeing Figure 5, the envelop of the Bessel function curves will converge to the zero axis with the
increasing order (mK-1). Moreover, 1/m appears in the coefficient, which is inversely proportional to m.
Therefore, in the following analysis, only m = 2 is considered considering the minimum (mK-1) and
maximum 1/m. With this assumption, Equation (8) is further derived as Equation (9).

f ′(t) = −
2UC

π
J2K−1(Mπ) sin[(ωs − 2αc)t] (9)

The carrier phase difference will lead to different initial carrier phase angle αc for each module.
Still taking the module number N = 3 as an example, the initial carrier phase angles for these modules
are 0, π/3, and 2π/3. Thus, the fundamental components resulting from the sideband harmonics for
each module are listed as,

f ′1(t) = A sin(ωst), f ′2(t) = A sin
[(
ωs −

2π
3

)
t
]
, f ′3(t) = A sin

[(
ωs +

2π
3

)
t
]

(10)

where
A = −

2UC

π
J2K−1(Mπ) (11)
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These components are in positive sequence with the same amplitude –A, and their amplitude is
influenced by the carrier ratio K and modulation index M with fixed UC. In Figure 6, the relationship of
(–A/UC) with varied carrier ratio K and modulation index M is interpreted. In a fixed modulation index
M, with smaller K, (–A/UC) is larger. It indicates that, the carrier phase differences for the modules will
lead to different fundamental components in the output voltage. This effect would be more obvious
when the carrier ratio is relatively low.
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Figure 7. Vector graphs for modules considering additional fundamental components in output voltage. 

Figure 6. Amplitude of the additional fundamental component with varied modulation index M and
carrier ratio K.

Taking this additional fundamental component into consideration, Figure 7 redraws the vector
graphs for the modules. The black vector arrows show the synthesized fundamental component in the
output voltage of the modules. Obviously, the voltages are not vertical to the current for the second
and third modules, and it would inject the active power to the module or absorb the active power from
the module. The capacitor voltages cannot maintain balance in this case.

Although the additional fundamental component is relatively small compared with the initial
part shown in the first term in Equation (1), the active power injecting or absorbing phenomena are
irreversible during the CHB-STATCOM working period, and the capacitor voltages will diverge from
the rated value continually until it crashes the system in the end.
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4. Proposed CPSR-PWM Scheme

In order to eliminate the unequal active power caused by the carrier phase difference in the
modulation process, the carrier of each module can rotate repeatedly after a period of time. At the
same time, in order to maintain the good harmonic characteristics of the cascaded output voltage,
this rotation must be carried out organically among the modules. The following section analyzes this
rotation scheme when the module number, N = 3, carrier ratio K = 2, and modulation index M = 5/6.

As shown in Figure 8, in the modulation process of these three modules, the period of the carrier
rotation is that of voltage reference, and this rotation is completed within the three reference periods.
It can be seen from the seven-level cascade output voltage that, the output voltage waveform is not
affected by the carrier rotation and maintains the original good harmonic performance.
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The active power of each module keeps dynamic balance in these periods. In order to achieve
this dynamic balance, the carrier rotation period for each module must be an integral multiple of the
voltage reference period, and the rotation time should be synchronous for all modules. Otherwise,
the harmonic phase relationship shown in Figure 3 will not exist, which will inevitably affect the
quality of output voltage and current.

In Figure 8, the carrier rotation time is at the reference zero-crossing point. However, in Figure 9,
the rotation happens at the reference non-zero-crossing point. As long as the rotation period is an
integral multiple of the reference period, and the rotation actions are carried out simultaneously for
all modules, the good harmonic performance of the cascaded voltage can be achieved and the active
power of a single module can also be dynamically balanced.Energies 2020, 13, 1052  9 of 16 
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In the physical implementation of the proposed CPSR-PWM scheme, synchronous rotation actions
for all modules might not be fully guaranteed because of the signal transmission delays or errors.
In order to enhance the system robustness, the rotation time should be designed reasonably to minimize
the influence of the asynchronous rotation on the cascaded output voltage characteristics.

It is supposed that, the rotation time has a 30-degree difference relative to the carrier period for
the three modules, and Figure 10; Figure 11 illustrate the modulation processes and waveforms of the
cascaded output voltages with zero-crossing rotation and non-zero-crossing rotation. Table 1 concludes
the total harmonics distortions (THDs) in these two situations. In the given three reference periods,
the THDs of the cascaded output voltage in the zero-crossing rotation are lower than those in the
non-zero-crossing rotation, whether in a single period or the whole periods.

We define the asynchronous rotation moments in Figures 10 and 11 as 0 and 90 degrees, with
respect to the reference. In Figure 12, the average THDs of the cascaded output voltage with rotation
time varying in half reference period are concluded. Obviously, the rotation time should be at the
reference zero-crossing point to achieve the best robustness of the system.

With different carrier ratio K = 4, Figure 13 gives the THDs of the cascaded output voltage with
rotation time varying in half reference period. For three modules, there is still a 30-degree difference
relative to the carrier period with a synchronous rotation. The result reveals a similar conclusion. That
is, the lowest THD is obtained at the reference zero-crossing point. It can be expected that, although
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the THDs decrease with increasing carrier ratio K, the best performance of the cascaded output voltage
keeps at the reference zero-crossing point.
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Table 1. Total harmonics distortion (THD) analysis of the cascaded output voltages, shown in Figures 10
and 11.

Period 1 Period 2 Period 3 Period 1~3

Zero-crossing 24.81% 24.63% 24.62% 22.97%
Maximum point 24.97% 29.43% 29.42% 24.57%
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Sampling frequency  fs  6k Hz 

Figure 13. The THDs of the cascaded output voltage with different asynchronous rotation time and
carrier ratio K = 4.

5. Experimental Verification

In order to demonstrate the feasibility and advantage of the proposed CPRS-PWM scheme for
CHB-STATCOMs, experimental verifications are carried out on an experimental prototype, whose
H-bridge module are shown in Figure 14.
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Figure 14. Module picture of CHB-STATCOM prototype and hierarchical control structure.

This prototype is based on a multi-digital signal processor (DSP, TMS32028335) hierarchical
control system [32]. The master DSP samples the necessary quantities, such as grid voltages, capacitor
voltages, compensating currents, and executes the dual-loop control programmer, then transmits the
calculated voltage reference to the slave DSPs in the modules, using serial peripheral interface (SPI)
communication. Simultaneously, the carrier synchronization signal generated by the master DSP is
captured by all slave DSPs. The proposed CPSR-PWM scheme is implemented in the slave DSPs and
the pulses are generated to drive the IGBTs. The system parameters are listed in Table 2.

Figure 15 gives the experimental waveforms of the capacitor voltages, the grid voltage, and the
compensating current. At t = 0, the capacitor voltages are about 33 V under the uncontrolled rectifier
state. At t = 1 s, the capacitor voltages are set to be boosted to the rated value 48 V, with the help of the
outer voltage loop. However, with the conventional CPS-PWM scheme, the voltages diverge from the
rated value due to the unbalanced active power among the modules resulting from the carrier phase
differences shown in Figure 15(a1). At t = 3 s, a capacitive reactive current command 5 A is given in
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the inner current loop. Unfortunately, the compensating current shown in Figure 15(b1) has a severe
distortion, whose THD is 67.027% and Figure 15(c1) draws its harmonic spectra.

Table 2. System parameters in the experiment.

Parameters Symbols Values

Cascaded module number N 3
Root-mean-square value of grid voltage v 82 V

Module capacitance C 4.7 µF
Compensating current reference Iq_ref 5 A

Rated capacitor voltage UC_ref 48 V
Buffer inductance L 8 mH

Fundamental/reference frequency f 50 Hz
Carrier frequency f c 1k Hz

Equivalent switching frequency fE 6k Hz
Sampling frequency f s 6k Hz
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Figure 15. Experimental waveforms of the capacitor voltages, the grid voltage, and the compensating
current, verifying the feasibility of the proposed CPSR-PWM, (a1) and (a2). Capacitor voltages with
the conventional CPS- and the proposed CPSR-PWM schemes, (b1) and (b2). Grid voltage and
compensating current with the conventional CPS- and the proposed CPSR-PWM schemes, (c1) and
(c2). Fourier analysis of the compensating current with the conventional CPS- and the proposed
CPSR-PWM schemes.
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With the proposed CPSR-PWM method shown in Figure 15(a2,b2,c2), the active power of each
module are balanced in a fundamental period and the capacitor voltage can relatively keep balance.
The reactive current has a low distortion with THD = 2.515%.

Although the proposed CPSR-PWM scheme can ensure the natural active power balance for
the modules of CHB-STATCOMs, theoretically, the inherent parameter differences that exist in the
modules might threaten the system’s capability to operate for a long time. Therefore, in the following
experiment, a module-level capacitor voltage balance control proposed in [23] is adopted with the
proposed CPSR-PWM. Figure 16 describes the experimental waveforms for this scenario.
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Figure 16. Steady-state experimental waveforms of capacitor voltages, grid voltage, and compensating
current. (a). Capacitor voltages and compensating currents from inductive to capacitive mode. (b) Grid
voltage, compensating current, and its harmonic distribution in the inductive mode. (c) Grid voltage,
compensating current, and its harmonic distribution in the capacitive mode. (d) Fourier analysis of
compensating current in the inductive mode. (e) Fourier analysis of the compensating current in the
capacitive mode.
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The THDs of the compensating currents in the inductive and capacitive modes were 3.147% and
1.611%, respectively, and each single order harmonic amplitude was lower than 2% and 1%, as shown
in Figure 16d,e. These indicators meet the requirements provided by IEEE Std. 519-2014 [33].

The balanced capacitor voltages and compensating current are displayed in Figure 16a. At t =

100 ms, the inductive reactive current command was changed to be the capacitive one. Figure 16b,c
shows the current and voltage waveforms simultaneously, which demonstrates the phase relationship
between them. Moreover, the harmonic clusters of the compensating current verify that, the equivalent
switching frequency raises to 6k Hz, which is 2N (N = 3) times that of the carrier frequency 1 kHz.

6. Conclusions

This paper proposed a CPSR-PWM scheme for CHB-STATCOMs, which could eliminate the carrier
phase difference influence on the active power balance for the H-bridge modules. The conclusions of
the study are as follows.

(1) The carrier phase difference in the conventional unipolar double-frequency CPS-PWM for
CHB-STATCOMs would result in unbalanced active power for the modules, which would cause
diverged capacitor voltages and deteriorate the power quality of the compensating current.

(2) A carrier rotation scheme is proposed with the CPS-PWM method to achieve the dynamic active
power balance for the modules in CHB-STATCOMs. The capacitor voltage could maintain balance
without the individual capacitor voltage control or the auxiliary circuits in theory. The carrier
rotation period should be an integer multiple of the reference and the rotation time should be at
the reference zero-crossing point to enhance the robustness of the system.

(3) Experimental verifications are carried out on a downscaled CHB-STATCOM prototype. The results
reveal the feasibility of the proposed method.
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