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Control of a Single-Phase Cascaded H-Bridge Active
Rectifier Under Unbalanced Load

Vojtech Blahnik, Member, IEEE, Tomas Kosan, Zdenék Peroutka, Member, IEEE, and Jakub Talla

Abstract—Cascaded H-bridge (CHB) converter technology is ac-
tually the most popular solution for grid-connected converters in
both medium- and high-voltage applications. This paper introduces
a new control of a single-phase CHB active rectifier. The control
uses a direct grid current control based on adaptive resonant con-
trollers. The resonant controllers are adapting to slow fluctuation
of ac grid frequency. The challenging problem of CHB converters
is dc-link capacitor voltage balancing especially under unbalanced
load conditions. This paper presents a reliable voltage-balancing
technique utilizing energy estimation of particular dc-link capaci-
tor banks and simple prediction of the changes of their energies. A
nonlinear behavior of the converter caused by power semiconduc-
tors voltage drops and dead-time effects is minimized by auxiliary
adaptive resonant controllers. The resulting control has very good
performance, including the operation under unbalanced load con-
ditions, and achieves low total harmonic distortion of converter
grid current. The theoretical results were verified by experiments
made on the developed CHB active rectifier prototype with three
power cells in cascade.

Index Terms—Current control, multilevel systems, rectifiers,
regulators.

I. INTRODUCTION

OWADAYS, multilevel converters are used in a wide range
N of high-power applications including renewable energy
resources, power transfer networks, high-power electric trans-
port vehicles, etc. [1]. In the literature, there were published
many multilevel topologies including neutral point clamped
(NPC)/active NPC, flying capacitor, cascaded H-bridge (CHB)
converters, and many other modifications [2]. This paper fo-
cuses on CHB converters, which are the most popular solution
for grid-connected converters in both medium- and high-voltage
applications at present (see, e.g., [2]-[5]). CHB converter tech-
nology is due to its power circuit simplicity, high flexibility,
and adaptability favorite choice also in many other applica-
tions such as power electronics transformers [6], [7] or voltage-
source inverters [8], [9]. Most of the existing applications are
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Fig. 1. N-level CHB converter topology.

reported in three-phase systems. However, the CHB technol-
ogy is very important also in single-phase systems. It represents
promising technology for traction applications, specifically, for
an input single-phase active rectifier for ac catenary supplied
locomotives, electric multiple units (EMUs), and trainsets with
medium-frequency transformers (MFTs). MFT-based convert-
ers resulting in significant weight savings of the vehicle have
been one of the most important research objectives in traction
in the last ten years [3], [7]. The next promising applications
are active power filters and symmetrization units for traction
substations [10].

A simplified power circuit of the CHB converter is shown in
Fig. 1. The CHB converter consists of serial-connected power
cells. Each cell contains an H-bridge converter with a sepa-
rated dc-link capacitor. The higher number of cells increases
the number of possible converter voltage levels. In addition,
more converter voltage levels result in lower grid current ripple
and, therefore, lower total harmonic distortion (THD) of the grid
current [7]. On the other hand, the higher number of cascaded
cells complicates the converter control, especially in the terms
of circulating current control and balancing of the voltage on
the particular dc links [11]. This paper investigates the control
of a single-phase CHB active rectifier under unbalanced load
conditions.

The control of active rectifiers typically consists of dc-side
voltage control, grid current control, and grid voltage synchro-
nization. Furthermore, the CHB multilevel rectifiers need an
active balancing of dc-link voltages, especially when the dc-
side load is unbalanced as mentioned above.

Very simple and robust methods based on hysteresis current
control of active rectifiers are presented in [12]. These types of
control preclude using of pulse width modulation (PWM). The
main drawbacks of these methods are undetermined current
spectra and variable switching frequency. The most commonly
used PWM-based active and reactive power control methods

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 2. Proposed single-phase CHB active rectifier control.

utilize vector control theory (dg and P() control) [13], [14].
Recently investigated control methods are based on model-
predictive control [11], [15]. These types of controllers are
sensitive to the system model accuracy and typically compu-
tationally expensive.

Control of single-phase active rectifiers is a special problem
[16]. For single-phase systems, the vector control methods have
limited advantages over stationary reference frame methods due
to difficulties with transformation to a rotating reference frame.
The instantaneous values of voltage and current of single phase
are measured only. Thus, it is not possible to transform these val-
ues to the dq rotating system directly. Therefore, the stationary
reference frame control based on proportional-resonant (PR)
controllers is very popular [17], [18]. PR controllers are capable
to track sinusoidal current references of required frequencies
of both positive and negative sequences with zero steady-state

error. The resonant controller works well when the frequency
of the controlled signal is fixed. However, the grid frequency
varies. Therefore, we propose in this paper an adaptation algo-
rithm of the resonant controllers used in the converter control
(see Section II-B). The controller adaptation requires the infor-
mation about the actual grid frequency, which is estimated by
the grid synchronization algorithm.

A synchronization of the control with the grid voltage is very
important part of active rectifier control, because the grid cur-
rent is controlled with respect to the grid voltage phase. The
most popular methods for synchronization in single-phase sys-
tems are based either on discrete Fourier transform (DFT) or
on phase-locked-loop (PLL) methods. DFT methods are robust
and resistant to noise and disturbances. On the other hand, PLL-
based methods can respect the grid frequency fluctuation. Accu-
rate synchronization of the control with the grid in single-phase
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systems is not easy to achieve. A typical PLL synchronization in
three-phase systems use Clarke and Park transform. The Clarke
transform is not usable in single-phase systems. The most com-
mon methods to obtain real and imaginary parts of the signal
in single-phase systems are differentiation [19], quarter cycle
delay [20], or second-order generalized integrator (SOGI) [21].
The SOGI-PLL uses the second-order general integration part
to substitute the Clarke transform. The main advantage over
previously mentioned methods is much higher robustness to
disturbances. The properly tuned SOGI-PLL provides enough
robust and fast synchronization in most of the power grids. The
SOGI-PLL method [22] was selected for grid voltage synchro-
nization in our case (see more details in Section II-A).
Different methods for balancing dc-link voltage capacitors
have been published [23]-[26]. The model-predictive current
control of CHB converters [23], [24] demonstrated good con-
troller performance in terms of grid current waveform quality
and power factor correction. The drawback of the presented
method is control under unbalanced loads. It does not provide
a proper control function when the loads of particular H-bridge
cells are different. Commonly applied algorithms for voltage cell
balancing use a proportional—integral (PI) controller [27], [28].
The other popular balancing methods operate directly at modu-
lation level [26], [29]. However, these methods do not provide
precise current control. In [25], passivity-based control designed
via energy consideration for an N-level H-bridge active rectifier
isintroduced. This interesting approach provides full decoupling
of the H-bridges and separate control of each cell. This paper
presents the energy estimation algorithm with dc-link capacitor
balancing based on predicted (calculated) change of particular
dc-link energy. This approach is explained in Section II-B1.

II. CONVERTER CONTROL

This section describes the proposed control of a single-phase
CHB active rectifier. The control is composed of synchroniza-
tion with the grid voltage, direct grid current control, output dc-
link voltage control, and voltage-balancing algorithm, as shown
in Fig. 2.

A. SOGI-PLL Grid Voltage Synchronization

A synchronization with the single-phase grid voltage must
provide fast and correct estimation of actual grid voltage vec-
tor u,. (voltage vector amplitude U,,, voltage vector position
JprL, and grid frequency wpyr 1, ). The SOGI-PLL synchroniza-
tion method is easy to implement with fast response behavior and
with sufficient immunity to disturbances of input signal. This
synchronization technique is known, e.g., from [22] and [30],
where it is used for both single-phase and three-phase systems.
The block diagram of the proposed SOGI-PLL synchronization
and its cooperation with remaining part of the proposed control
is shown in Fig. 2.

The SOGI-PLL consists of two basic parts. The first part is
the SOGI part, which estimates the real (u,) and imaginary
(up) parts of the input signal (u,.) in the stationary reference
frame. The SOGI open-loop transfer function is derived in the
Laplace transform in (1), where s represents a Laplace operator.
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Fig. 3. SOGI part closed-loop Bode characteristic.

Substituting (2) into (1), we obtain an SOGI transfer function
(3), which has exactly the same form as a resonant controller.
Thus, the SOGI part can be interpreted as a combination of
the resonant controller in the feedforward path and the negative
feedback signal formed by resonant controller output (u,, ). The
SOGTI response to input signal (u,.) depends on the closed-
loop transfer function, which is described by (4). From (4), it is
evident that the SOGI dynamics and stability is influenced only
by Ksoar - The Ksogr must be set as a compromise between
the quality of the input signal and requirements on the speed
of the SOGI response, as explained in Fig. 3. If the Kgog; is
high, the Bode characteristic of the SOGI closed loop has a wide
bandwidth and allows the fast transient response (see Fig. 3). On
the other hand, the noise and voltage disturbances could transmit
through the SOGI part less attenuated. Typically, disturbance
rejection is preferred, and therefore, Kgog is selected to be
lower. In our case, Ksog was set to 0.1

Fsoc1,,, = m B KSOGI% W

K = B ®
Fsoaiy,, = m ©
Frot, = Ua(s)  Fsocly, 4)

Uac(s) 1+ Fsoary,, |

The second part of the SOGI-PLL is the PLL part. It consists
of the stationary reference frame to rotating reference frame
transform («3/dq) and PI controller influencing the speed of
the PLL locking. The PI controller regulates a reactive compo-
nent of the grid voltage (u,) to zero. The PI controller output
signal (correction signal Aw) changes the angular velocity of
the virtual rotating reference frame relatively to the grid nom-
inal frequency wy . The high proportional gain leads to wider
bandwidth of the closed loop but with the drawback of low
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Fig. 4. Detail block diagram of the proposed adaptive resonant controller.

disturbance attenuation. The short time constant causes the
faster transient response with the drawback of higher transient
overshoot [31]. In general, the PI controller coefficient setting
for voltage synchronization in conventional grids does not re-
quire high dynamic frequency response due to low speed of grid
frequency fluctuation. The expected maximum grid frequency
deviation is in the range from 48 to 52 Hz with the maximum
rate of its change of 1 Hz - s~!. In our case, the PI saturation lim-
iter is set to 3 Hz, Kpr;, = 0.1, and 7pr1, = 0.5 s. To speed up
SOGI-PLL lock out, a simple startup condition was proposed—
SOGI-PLL input signal u,,. is blocked until grid voltage reaches
its amplitude, i.e., derivation of grid voltage is close to zero.

B. DC-Link Voltage and Grid Current Control

The total output dc-link voltage computed as a sum of de-link
voltages of all particular cells is controlled to required value
U, by the PI regulator Ry;.. The regulator (R .) commands
the magnitude of the required grid current [, . The actual value
of reference current i,, is calculated by (5) and compared with
the measured grid current 7. The resulting error signal e; enters
into the adaptive PR controller R;. The controller generates sig-
nal u, pr, which is summed in the following step with a feed-
forward term w,g calculated by a feedforward compensation
block described in detail below. For compensation of harmonics
disturbances caused by dead-time effects and nonlinear voltage
drops on power electronics switches, the current control is sup-
plemented by additional adaptive resonant controllers for third
and fifth harmonic elimination. Advantages of this solution for
the single-phase H-bridge rectifier were described, e.g., in [32]

iw - I7ILCOS(19PLL)~ (5)

1) Adaptive Grid Current PR Controller: The PR grid cur-
rent controller R; consists of proportional (P) and adaptive res-
onant (R) controllers. The ordinary type of the R controller is a
preferred solution for direct current control [33], [34] in single-
phase systems. The main disadvantage of the R controller is
current phase shift generated by different controller frequen-
cies against actual grid frequency. The magnitude Bode plot of
the R controller has a very sharp shape. The common resonant
controller considers fixed frequency. However, the fundamental
grid frequency is variable. A grid frequency can fluctuate up
to +2 Hz. For this reason, the output signal of the SOGI-PLL
(wpr1) is used for the R controller adaptation. The block dia-
gram of an improved R controller is introduced in Fig. 4. The R
controller frequency is not fixed, but it depends on the real grid
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frequency
2K, s
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$% 4+ wpLL
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o ©®)
WPLL 8° + wWpLL,
This allows precise grid current control during grid frequency
fluctuations. The R controller is further improved by a sym-
metrical sinusoidal limiter. The controller output signal w,, is
delayed by integral block to u, g (imaginary part of virtual vec-
tor composed of components u,,, and u, 3). The amplitude u,,
of the created virtual vector is calculated from its components
Upq and u, 3. If ., is higher than w,, .« (set value of limiter),
then w,, is limited by factor k& = (Urmax/Urm ) according to
Fig. 4. Thus, the amplitude of output signal u,,, of the resonant
controller is limited to %, yax. The value of u, .« is defined by
(7), where £ € (0,1) is a safety coefficient. Typically, £ = 0.9

n
Urmax = fz ch . (7)
j=1

2) Feedforward Compensation: The direct grid current con-
trol based on the above-described adaptive PR controller is sup-
plemented by a feedforward compensation block composed of
(8) and (9)

WN LIm
= arct. 8
€ = arctan i (8)
U’”I, .
Upf = 205 (@) sin(dpr1, — €) 9)

where [,,, is the amplitude of the required grid current, wy is
the nominal grid frequency, L is the inductance of a filter at
the converter ac side, U,, is the amplitude of the grid voltage,
Jpr1 is the position of the grid voltage vector, and € presents
the displacement of the feedforward voltage vector versus the
grid voltage vector. The feedforward term wu.g is calculated
according to (9).

3) Low-Frequency Harmonics Compensator: The low-
frequency harmonics are compensated by a bank of the proposed
adaptive resonant controllers with frequency tracking and out-
put limiter, as described in Fig. 4. In this case, we demonstrate
an elimination of third and fifth harmonics (150 and 250 Hz).
More information about low-frequency harmonic compensation
by resonant controllers can also be found, e.g., in [32] and [34].

C. Voltage Balancing

The voltage-balancing block secures (see Fig. 2) balancing of
voltages on separated dc-link capacitors of cascaded power cells.
Input signals are dc-link voltages in the case of generally n cas-
caded cells denoted U1, U.s, ..., U, (see Fig. 1), amplitude of
required grid current /,,, , grid voltage vector amplitude U,,, , grid
voltage vector position Jpr,1,, and virtual modulation signal for
the complete CHB converter u,, (u, is the output of the converter
control before application of the balancing algorithm). The re-
sulting control signals for particular CHB cells are w1, ty9, ...,
Uy, . These control signals are used as a modulation signals for
phase-shifted PWM (PS-PWM). The corrections of modulation
signal Au,19, Auyoy, ..., Au,,q for each separated power
cell are calculated once per period of the grid voltage (7°). The
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correction signal is determined from average dc-link voltage
U.(av), from the dc-link voltage at the given power cells U,;
where 7 = 1, 2, ..., n, from the estimated grid voltage amplitude
U, , and from the demanded grid current amplitude 7,,, .

The proposed energy-balancing method is based on the bal-
ance between the energies AW,; and AW,p;. The energy
AW,; given by (10) is required to charge the dc link of the jth
cell to U, avy, AWag; given by (11) is the energy which the
grid is able to deliver in one period of the grid voltage to the
jth cell. From the equality of these energies (12), it is possi-
ble to express by (13) required grid current correction Al ;.
The correction of the modulation signal for the given power cell
Au,jy, is calculated from (14). The balancing method behaves
as a proportional controller of capacitor energies with adaptive
gain scheduling. The exact proportional gain is calculated to
minimize the energies errors during one period of the grid volt-
age. The main advantage is high-voltage-balancing dynamics
and robustness. On the other hand, all variances in system pa-
rameters and measurements errors lead to a small steady-state
error.

An important part of the balancing algorithm is an adaptive
limiter influencing the correction signal Aw, ;¢ considering de-
manded grid current amplitude I, . The limiter implements the
deadband of balancing signals according to the demanded grid
current [,,. For I, in the range of £5% of nominal I,,, the
correction signals A, 1o, Atyoo, ..., Ay, are set to zero.
Thus, the limitation directly depends on actual converter power.
The resulting modulation signal u,; for the given power cell is
calculated by (15)

1
1 U, AL, 1U, ALy,
AWagj = "B VB o 2 T 1
1 2 2 1Un AImj
3¢ (UC(AV) - Uc]-) = =T (12)
nC(U? —U2%)
L c(AV) cj
Al 0T (13)
. nC(U? —U?
A’U,T Y — AInL_] _ ( c(AV) («j) (14)
T, U, T,
Upj = (Auvj% + 1)“7}- (15)

Under the fault condition in one cell (H-bridge), it is necessary
to bypass the faulty cell and change parameters in the balancing
algorithm. The parameter n has to be changed to actual number
of active cells. Blocking voltage of the remaining cells has to
withstand a new higher dc link voltage or the total voltage must
be reduced.

III. DEVELOPED LABORATORY PROTOTYPE

A power circuit of the developed laboratory prototype of a
single-phase CHB active rectifier is shown in Fig. 5. Its pa-
rameters are listed in Table 1. The programmable power source
by AMETEK CSW 5550 has been used as an intelligent grid
emulator (u,.). The common inductor of 4 mH is used as an
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Fig. 5. Power circuit of the developed CHB active rectifier laboratory proto-
type.
TABLE I
PARAMETERS OF THE LABORATORY PROTOTYPE
Symbol Title Value
Uge Rated grid voltage 230 VrMms
I Rated grid frequency 50 Hz
L Input filter inductor 4 mH
C DC-link capacitor of each HB cell 3.4 mF
Uecw Required total dc-link voltage 450V
Ue.1 = Uq2 = Uyz  Nominal voltage for each cell 150V
fpwm Switching frequency of IGBTs 1 kHz
Deadtime 3 us

input filter L with a parasitic resistance R of 0.15 2. The seven-
level CHB (7L-CHB) converter is composed of three separate
H-bridge converters. In this case, each cell load is realized sep-
arately by the single H-bridge inverter with a resistor connected
on its ac side. This solution allows us to set load of each rectifier
cell independently to other ones. The testing converter topology
in Fig. 5 has been motivated by our research of ac catenary sup-
plied suburban units (EMUs) with an MFT, which is the target
application for the technology presented in this paper.

The insulated-gate bipolar transistor (IGBT) modules
SKM195GB126D are used for the laboratory prototype of the
converter. The switching frequency of IGBTs is fixed to 1 kHz.
However, the resulting frequency of current ripple is 6 kHz.
This is caused by using of PS-PWM and zero-vector alternat-
ing modulation technique. A detail description of the modulator
used for the 7L-CHB converter can be found in [35].

The proposed control of the CHB active rectifier has been
implemented in the floating-point digital signal processor Texas
Instruments TMS320F28335. The output modulation signals
(uyp1, Uypo, and u,3) are used for the PS-PWM-based modula-
tor implemented in the field-programmable gate array Altera
EP3C40. Both devices are placed on the development control
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TABLE II
CONTROL SYSTEM SETTING

Regulator  Type  Parameter  Value  Unit
Ry, PI Kyye 0.1 [-]
TiUc 0.2 [s]
R; PR Ky 2.0 [-]
K, 100.0 [-]
Rign R K, 3p 50.0 [-1
Risn R Ksn 10.0 [-]

® oo @ oV @ oon J[z F.00ms ] S.00MS/s
Value Mean Min W Sid Dev 10M polnts

£ 350V
HMS 25mA_ 25%m  25%m  255m  0.00

10c1 2015

13:46:18

Fig.6. CHB active rectifier under steady-state conditions (no-load). CH1: grid
voltage .. [100 V/div], CH2: voltage on CHB ac terminals ucyp [100 V/div],
CH3: dc-link voltage of first HB U, [25 V/div], CH4: grid current ¢ [ 10 A/div].

board designed for control of multilevel converters; for more
details, see [36]. The setting of the controllers is provided in
Table II.

IV. EXPERIMENTAL RESULTS

The employed PS-PWM ensures the small grid current rip-
ple, which is a consequence of phase-shifted modulation for
each H-bridge cell. The converter behavior under steady-state
conditions is analyzed in Fig. 6 (converter without load) and in
Fig. 7. (converter loaded by 4 kW, symmetrical load). In this
particular case, the 7L-CHB active rectifier with switching fre-
quency of 1 kHz has grid current ripple frequency around 6 kHz.
The result of harmonic analysis of the grid current (¢) during
symmetrical load of 4 kW is shown in Fig. 8. The resulting grid
current THD; reaches 1.05% only. The THD; was calculated up
to the 50th harmonics (2500 Hz) according to (16) given in [37]

(16)

The active rectifier response to the step change of the load
from 0 to 4 kW (symmetrical loaded) is documented in Fig. 9.
The proper function of the proposed voltage-balancing block is
reported in Figs. 10—13. During these tests, the CHB rectifier was
loaded by unbalanced load (second HB is loaded by 80% load

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 6, JUNE 2018

oV @ 100A ] (Z40ems
Kl

B 100V ® c
Value ax Std Dev
HMS 17.7A 17.7 17.7 177 0.00

) V S.00MS/s S 330V
Mean Win 10M polnts
10c1 RDIEJ
13:40:36

Fig. 7. CHB active rectifier under steady-state conditions (symmetrical load
of 4kW). CH1: grid voltage u,. [100 V/div], CH2: voltage on CHB ac terminals
wcpp [100 V/div], CH3: de-link voltage of first HB U, [25 V/div], CH4: grid
current 7 [10 A/div].
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Fig. 8. Grid current harmonic analysis of the CHB active rectifier under
symmetrical load of 4 kW, THD; = 1.05%.
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Fig. 9. CHB active rectifier under step change of load from 0 to 4 kW (sym-
metrical load). CH1: grid voltage u,. [100 V/div], CH3: dc-link voltage first
HB U, [25 V/div], CH4: grid current ¢ [10 A/div].
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off (second HB loaded 80%, load of 4 kW). CH1: dc-link voltage second HB
Ueo [25 V/div], CH2: dc-link voltage third HB U3 [25 V/div], CH3: dc-voltage
first HB U, [25 V/div], CH4: grid current i [10 A/div].
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Fig. 11.  CHB active rectifier under unbalanced load after balancing switched-

on (second HB loaded 80%, load of 4 kW). CH1: dc-link voltage second HB
U2 [25 V/div], CH2: dc-link voltage third HB U3 [25 V/div], CH3: dc-voltage
first HB U,1 [25 V/div], CH4: grid current 7 [10 A/div].

against first and third). Fig. 10 presents converter behavior after
switching OFF the voltage-balancing block. Fig. 11 displays
the converter behavior after switching the voltage-balancing
block ON. When the proposed voltage-balancing strategy is
in operation, the difference between the dc-link voltages of
particular power cells is significantly reduced even if their loads
are extremely different. The dc-link voltages of all H-bridge
cells have not exactly the same voltage as has been described in
Section II-B1, but the presented steady-state error is acceptable.
The steady-state converter behavior under unbalanced load
(second HB is loaded by 80% load against first and third) is
analyzed in Fig. 12, and the respective harmonic analysis is pro-
vided in Fig. 13. In this case, the grid current ¢ has bigger ripple
in comparison with the experiment shown in Fig. 7 (symmetrical

e

E’“_'Ktﬁz,'cha" TR

@ 30V @ 1004 ) |ZZooms T00KS/5
1M points

’L" 350V @ 500 7 150V
13 0ct 2015
14:48:01
Fig. 12.  CHB active rectifier under unbalanced load (second HB loaded 80%,

load of 4 kW). CH1: dc-link voltage second HB U5 [25 V/div], CH2: dc-link
voltage third HB U,.3 [25 V/div], CH3: dc-voltage first HB U.; [25 V/div],
CH4: grid current 7 [10 A/div].
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Fig. 13.  Grid current harmonic analysis of the CHB active rectifier under

the load of 4 kW (unbalanced load second HB loaded 80%, load of 4 kW),
THD; = 1.71%.

TABLE III
CURRENT THD; FOR SYMMETRICAL AND UNBALANCED LOADS

Second HB load Type of load THD;
100% Symmetrical load 4 kW 1.05%
90% Unbalanced load 4 kW 1.34%
80% Unbalanced load 4 kW 1.71%
70% Unbalanced load 4 kW 2.11%
60% Unbalanced load 4 kW 2.7%

50% Unbalanced load 4 kW 3.34%

load). This fact is caused by different control signals of each HB
cell. For this reason, there is also an important difference in the
harmonic analysis results. The current interferences appeared at
frequencies lower than 2500 Hz, and the resulting THD; thus in-
creased to 1.71% (monitored according to [37]). Table III shows
the dependence of grid current THD; on unbalanced load of the
CHB active rectifier. In these experiments, the first and third
HBs had the same load, while the second HB had a different



5526

Foom Facior 350 %

CH4 :

I Vi

CH1, CH2, CH3

& 1004 | [Z4.00ms | lwnkvs
1M points

- oV [ W - iiov

“ - s 3.sov]

||30Ll 2015
14:39:57 J

Fig. 14. CHB active rectifier under symmetrical load with reduced second HB
dc-link capacitance to 2.5 mF, load of 4 kW. CH1: dc-link voltage second HB
U2 [25 V/div], CH2: dc-link voltage third HB U3 [25 V/div], CH3: dc-voltage
first HB U, [25 V/div], CH4: grid current ¢ [10 A/div].

load mentioned in the first column of the table. Under balanced
load, the grid current ripple frequency is of 6 kHz in the case of
switching frequency of 1 kHz. However, modulation signals are
significantly modified for particular cells under unbalanced load
conditions. Therefore, the unbalanced load excites undesirable
interferences in the grid current. The current interferences
appeared at frequencies below 2.5 kHz (dominant frequencies
are 2, 4, and 6 kHz). This is the main reason for increasing of
THD;, which is calculated according to (16). The highest THD;
was achieved below 5% (exactly 3.34% under 50% unbalance
in the load; see Table III), which is in most of the applications
an acceptable result. Analysis of PS-PWM harmonic distortion
is in detail described, e.g., in [38]. Fig. 14 shows performance
of the balancing algorithm under unequal dc-link capacitors in
particular power cells. The dc-link capacitance of the second
cell was lowered to 2.5 mF from original 3.4 mF.

V. CONCLUSION

This paper presents new simple and computationally effec-
tive control algorithm for single-phase CHB active rectifiers.
The proposed control algorithm is resistant to grid parameter
variations and unbalanced load conditions. Due to the adap-
tation of current controllers, the rectifier can reliably operate
in grids with expected significant fluctuations of grid voltage
amplitude and frequency.

The grid current control consists of PR controller extended by
auxiliary resonant (R) controllers for grid current THD, reduc-
tion and feedforward term calculation. The R controllers were
improved by grid frequency adaptation and an output limiter
based on the actual dc-link voltage. The main and auxiliary
resonant controllers are adapted to variable fundamental grid
frequency to avoid current phase shift. The sinusoidal limiter
prevents grid current distortion caused by insufficient dc-link
voltage. In addition, the actual grid voltage amplitude and phase,
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estimated by the SOGI-PLL, is used in feedforward term calcu-
lation to improve current control dynamics.

The proposed voltage control consists of the main PI dc-link
voltage controller and voltage-balancing algorithm based on
energy estimation. The balancing algorithm calculates energy of
particular dc-link capacitor banks and simply predicts changes
of their energies. The balancing method performs fine under
balanced strongly unbalanced load conditions as well as under
unequal dc-link capacitors in particular power cells. However,
it is not possible to balance dc-link voltages of all power cells to
the same value exactly. There is still small, but nonzero, steady-
state control error, because the voltage balancing is implemented
as a feedforward calculation. On the other hand, simplicity,
robustness, and high dynamic voltage balancing without any
voltage overshoots are the main advantages of this method.

The presented control of the CHB active rectifier was success-
fully tested using the developed converter prototype under both
symmetrical and unbalanced load conditions. Spectral analyses
of the grid current under unbalanced load conditions showed
expected rise of low-frequency harmonics and THD;. The con-
trol of the single-phase CHB active rectifier has been able to
satisfy all the commands with very good dynamics, and the
expected voltage-balancing errors have been acceptable and in
compliance with defined converter design parameters.
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