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Introduction

In recent decades, €electric power systems have
suffered significant power quality problems caused by the
proliferation of nonlinear loads, such as arc furnaces,
lighting devices, adjustable ac drives, etc., which cause a
large amount of characteristic harmonics, low power
factor, and significantly deteriorates the power quality of
the distribution systems [1-3]. The increasing restrictive
regulations on power quality has significantly stimulated
the development of power quality mitigation equipments,
which are connected to the power system to improve the
transmission capability and the quality of the voltage
waveforms at the common coupling points (PCCs) for the
customers. Among which the active power filters (APFS)
are recognized as the most effective power quality
compensating devices, adopted to recover balanced
sinusoidal grid currents and enhance the voltage profiles
[1].

For high-power medium-voltage APF applications,
the classical two level or three-level converter topologies
are insufficient due to the rating limitations imposed by the
power semiconductors. Hence considerable attention has
been focused on the multi-level inverter topologies, which
significantly improve the output waveform spectrum of the
inverter. Therefore, the bulky and expensive multi-pulse
transformers can be avoided, resulting in reduced stress of
the power semiconductor devices, substantially smaller
filters and consequently, a cost reduction of the system [2].

With its modularity and flexibility, the cascaded H-
bridge (CHB) multilevel inverter shows superiority among
the multilevel converter topologies [3, 4]. A premium-
quality output waveform with fast system response can be
achieved by switching the power switches at relatively low
switching frequency, while an equivalent high switching
frequency can be obtained at the inverter output. However,
the main disadvantage of the cascaded H-bridge converter
is the voltage unbalance that could appear at the dc-link
capacitors of the individual H-bridges [5]. In order to cope
with this phenomenon, an adequate control strategy must
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be employed to regulate the active power of each H-bridge,
while the reactive power delivered by individual H-bridge
must be equally distributed in order to ensure equal power
sharing and heat dissipation of each H-bridge module.
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Fig.1. Schematic of single-phase H-bridge inverter

Operation principle of single-phase H-bridge inverter
using three-level modulation

Fig.1 shows the schematic diagram of single-phase
voltage source inverter, which consists of two single-phase
legs connected to the common dc bus. The symbol ‘p’ and
‘n’ denote the positive and negative rail of the dc-link and
‘Z denotes the fictitious ground. Each phase leg (indicated
as‘a’ and‘'b’) is modulated in a complementary manner by
a carrier/reference waveform comparison circuit, which
switches the phase leg to the upper DC rail when the
reference waveform is greater than carrier, and to the lower
DC rail when the reference waveform is lower than the
carrier. The particular form of the carrier and reference
waveforms depends on the PWM dtrategy that is
implemented. As shown in Fig.1, the both legs ‘a’ and ‘b’
share a common carrier which is selected to be triangular.
The two legs are modulated with 180 degree opposed
reference waveforms, defined as:



f.(t)=V, Ve M cos(wyt);
2 @
f,(t)=V,, = % M cos(w,t — ),

where M represents modulation index (0<M<1) and wq
represents the angular frequency of the target output
voltage. The line-to-line output reference voltage for the
inverter is defined as:

Vi, =V,

-V, =V,.M cos(@,t). @)
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Fig. 2. Modulation signals, carriers and output waveforms of the
single-phase H-bridge inverter
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This arrangement achieves the three-level naturally
sampled sine-triangular PWM, which shows significant
harmonic advantages over most of the existing PWM
schemes. The detailed waveforms regarding to this three-
level PWM is shown in Fig.2. It can be seen how the each
phase leg of the inverter switches between the upper and
lower DC rails continuously over the fundamental cycle as
the carrier waveform ramps above and below the reference
waveform. The output voltage of a phase leg can be
derived by using double-edge naturally sampled PWM
technique, which is obtained as:

pu
az

=1+ M cos(wgt)

AR
F— ZZEJ(m M)sin[(m+n) ]cos(mcot+na)0t) (3)
T m=1n=—0
and
pu _ V —
P _—(V 12 1+ M cos(at — )+
+— ZZ—J (m M)sin[(m+n) ]x 4

x cos[mcoct +N(aw,t - 7r)] .

Note that the output voltages are represented in per
unit for the sake of brevity. Therefore, the output voltage
harmonic components for the inverter can be derived as:
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Equation (5) shows that the odd carrier and associated
sideband harmonics are completely cancelled from the
output voltage, leaving only sideband harmonic (2n-1)
terms of the even (2m) carrier groups.

A further harmonic cancellation can be obtained by
appropriately phase shifting the remaining harmonics of
severa series-connected single-phase H-bridge modules.
This modulation methodology, denoted as phase-shifted
cascaded PWM (PSCPWM), is aiming to retain sinusoidal
reference waveforms for two phase legs of each H-bridge
inverter that are phase shifted by 180 degrees and then
phase shift the carriers of each H-bridge to achieve
additional harmonic sideband cancellation around the even
carrier multiple groups.

Optimum harmonic cancellation is achieved by phase
shifting each carrier by (i-1)n/N, where i is the ith
converter, N is the number of series-connected single-
phase inverters per phase leg. Then the output voltage of
the cascaded H-bridge inverter can be expressed as:

V. =2M cos(wot) +

—ZZ

T m=1n=

X cos[ZNma)ct + (2n —Dayt].

2n71(Nm7rM )cog[(Nm+n—-Drz]x
(6)

A general description of the cascaded multilevel active
power filter

Fig.3 shows the circuit diagram of the seven-level
cascaded APF based on three H-bridge modules, where v
and vy (i=1, 2, 3) represents the dc-link capacitor voltage
and output voltage of each H-bridge, respectively. Each H-
bridge includes four switches with anti-parallel diodes and
adc-link capacitor. The output voltages of the cascaded H-
bridge inverter can be derived as:

v

ASSUMING Ve=Veo=Vea=Vy in steady state conditions
and three-level modulation is adopted for each module, i.e.,
each module produces three different voltage levels: -V, O,
V. With reference to the upper bridge, it is possible to set
Vai=+Vg by turning on power switches S; and S, and
Va=-Vg by turning on power switches S, and S
Moreover, it is possible to set v, =0 by turning on either S,
and S, or S;3 and Sy, the lower bridge operatesin asimilar
manner. Therefore, seven distinct voltage levels can be
synthesized at the ac terminals. It should be noted that the
switching states of Sy, Se (=1, 2, 3) must be
complementary to those of Ss, Sy (=1, 2, 3) in order to
avoid short circuit of the H-bridge modules.

Defining the following switching functions

Von = Var T Vao Vs



£,=8,-8,-S, S
f,=5,-S,-S,-Ss;
f,=5,-5,-5,-Ss.

The value of fy (x=1, 2, 3) indicates the dynamic
process of charging and discharging between the dc-link
capacitors C;, C, and C;. Supposing the APF current i is
positive, then the capacitor C, (x=1, 2, 3) ischarging if f,=1,
discharging if f, =-1, and not undergoing any of these
processes if f,=0. Complementary phenomenon appears if
the inverter current is negative.

(8)
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Fig. 3. Simplified single-phase schematic of cascaded multilevel
active power filter

M athematical modeling

The following assumptions are made for deriving the
mathematical model of the cascaded H-bridge inverters.

(8)The grid is assumed to be AC current source,

(b)The power losses of the whole system are
categorized as series loss and parallel loss. The series loss
and interfacing inductor loss are represented as equivalent
series resistance (ESR). Parallel losses are represented as
shunt connected resistances across the dc-link capacitors,
corresponding to the active power losses of the H-bridges,
including blocking losses, capacitor losses and absorbing
circuit losses, etc.

The differential equation describing the dynamics of
the coupling inductor between the cascaded H-bridge
inverter and the grid can be derived as:

Vg, =Rig + Ld(lj—a; + fiVg + ToVep ++ faVeg, (9
where the variable v, represents grid voltage, L represents
the inductance of the coupling inductor and R represents
the equivalent series resistance (ESR). The variables v,
Ve and vz are actual voltages across the dc-link capacitors
of the cascaded H-bridge inverter, which may not equal to
the reference voltage Vg during dynamic process.
According to kirchoff’s law, the currents flowing into
the dc-link capacitors C;, C, and C; can be expressed as:
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. dv . . \Y
Iclzcld_;lzlol_lRl: fiig _é;

. dv . . . v,

) :Czd—iz:'oz_'Rz = oy _éz; (10)
. dv, . . . v,
|03:C3d_(t:3:|o3_|R3 = faiy —ési

where R;, R, and R; are the equivalent resistance of each
H-bridge representing parallel losses of H-bridges. The
variables iy, iy and iy represent the total de-link current
and gy, irp and igs represent the current in the dc-link
resistance of the individual H-bridge module.

The equations (9)-(10) can be rearranged as:

iy _V_sa_Bi Cfva v fav.

g L LT L L L
%_ fliaf o

dt ’

G RG (12)

dve, _ Folaf Ve .

d C, RGC,

dves _ falar Vs

dt  C, RG

Let the vector of state variables as Xa=[i4, Vei, Veo,
Vea] " and Us=[ve, O, 0, 0], as input vector, equation (11)
can be expressed in compact matrix form:

The matrices Az and B3 can be simply derived as:

R o
L L L L
As= ¢ 1 ’
-2 0o - 0
C2 RZCZ
ﬁ 0 0 _i
G ReC; |
1 oo0o
L
B,=/0 0 0 0]
0 00O
0 00O

The proposed control strategies for the cascaded H-
bridge multilevel APF

Fig.4 shows the control block diagram for the ith H-
bridge module of the cascaded APF, including the average
dc-link voltage controller, individual voltage controller and
the current loop controller. The average voltage controller
isresponsible for regulating the active power flow between
the cascaded H-bridges and the grid. The output of the



average voltage controller is multiplied by a unit sine
signal which is synchronized with grid voltage by using a
phase-locked loop (PLL), and the obtained signal is used
as the active component of grid-side reference current. The
individual voltage control is achieved by regulating the
difference of the individual dc-link voltage and the average
dc-link voltage (Fig.4). The output of the individual
voltage regulator is multiplied by a unit cosine signal, and
used to regulate the reactive power distribution among the
all the H-bridge modules.

Fig. 4. Block diagram of the proposed control strategy for thei-th
H-bridge module

Assuming vy is controlled such a manner that it lags
Vg DY ac rad, then active power absorbed by the APF is
p _ VeaVan snog
X 1
where X is the impedance of the interface inductor. Under
ideal condition, the average charge to each dc capacitor
over half cycle [0, ] can be expressed as:

(13)
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Q= J' V2l cosfdo =0,
6,

(14)

where 0 e [6;, n-6]], represents the time interval when the
dc capacitors are connected to the grid, and | is the RMS
value of the inverter current. Theoretically, due to the
symmetric power flow, all the dc-link capacitor voltages
remain balanced. However, the H-bridge modules are not
ideal due to unequal power loss and parameter differences,
each dc-link voltage cannot be exactly balanced when only
the average voltage control is used. When v,; is shifted by
Aag;, then the charge Q; can be expressed as

-0, -Aog
I V21 cosfd6 = 2421 cosh, sinAa; , (15)

6, —Aag;

Q

which is proportional to Ao when Aag; is small. Usualy
this phase shift is much smaller than ac, hence the
individual voltage control block is included to balance
power losses of the H-bridge so as to maintain a constant
dc-link voltage.
The proportional-resonant controller is adopted in the
current loop, which can be expressed as:
Gk, 3 S (16)

n=2N+1S +®y
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where k,, kin represents the proportional and integration
gain, respectively. And n represents the harmonic orders to
be attenuated, for the single-phase system, n=2N+1 (N is
integer). For the present case, the 3", 5 7" and 9™ order
harmonics are considered. And k,, ki, are selected to be 15
and 35, respectively.
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Fig. 5. Schematic of the gating signa generation mechanism for
the i-th H-bridge module

The PWM mechanism for generating the switching
patterns to the individual H-bridge modules is shown in
Fig.5. The calculated modulation voltage is divided by the
normalized dc-voltage of individual H-bridge module, then
gating signals for each H-bridge module can be obtained
by comparison with the phase shifted PWM carrier.
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Fig. 6. Output voltage and its FFT spectrum of the cascaded APF
based on three H-bridge modules

Simulation results and discussions

Fig. 7-12 show the simulation results of the proposed
system under various scenarios. As shown in Fig. 3, the
nominal system parameters are:Vyg=220V (RMS), Lg=50pH,
Ry=0.05Q, C,=C,=C5;=C,=5000uF, L=500pH, Ly=10mH,
Lp=1mH, R=R=R;=1kQ, Ru;=R.»=10Q, R =30Q, and
the dc-link reference voltage for each moduleis: Vg4=150V.

In order to investigate the robustness of the proposed
control strategy, the non-homogenous H-bridge module
situation is also considered, the circuit parameters under
this situation are: C;=5000uF, C,=5200uF, C;=5400uF,
Ri=1kQ, R,=1.1kQ, R;=0.9kQ and the other system
parameters remain unchanged.

Note that, when t<0.5s, only the average voltage
controller is enabled and the individual voltage controller
is also enabled after t=0.5s. Besides, a sudden increase of
load is applied at t=1.0s by turning on the switch sw; to test
the dynamic performance of the system. Fig. 7 shows the
individual and average dc-link capacitor voltage under
homogenous H-bridge module scenario. Fig. 8 shows the



differences between the individual dc-link voltage and the
average dc-link voltage, Av; (i=1, 2, 3). It can be observed
that the difference voltage Av; shows a trend of divergence
before t<0.5s. However, when the individua voltage
control is applied at t=0.5s, Av; converges to zero, which
implies that the whole system is stabilized after t=0.5s.
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Fig. 7. Individua and the average dc-link capacitor voltage of the

cascaded APF (@) reactive compensation mode, (b) reactive and
harmonic compensation mode in case of homogeneous H-bridges
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Fig. 8. Difference voltages of dc-link capacitors of the cascaded
APF (a) reactive compensation mode, (b) reactive and harmonic

compensation mode in case of homogeneous H-bridges
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Fig. 9-10 show the corresponding simulation results
under non-homogenous H-bridge module scenarios. The
different parameters in the H-bridge modules imply the
different switching losses in each module, which may be
the worst case for the practical systems.

It isinteresting to notice that Fig.9 resembles Fig.7 in
the sense that the transient response amost has same
dynamic behaviour and the difference of the dc-link
voltage Av, converges to zero after t=0.5s when the
individual voltage controller is enabled. Further, sufficient
stability under transient load disturbance is also observed
in case of non-homogeneous H-bridge scenarios. Besides,
it can also be noticed that the voltage ripple in case of
reactive compensation mode is much smaller than that of
reactive and harmonic compensation mode.

Fig.11 shows the simulation results of load current,
APF current and grid current and voltage, corresponding to
reactive power compensation mode, when the switch
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denoted by sws is turned off (Fig.3). It can be observed
from Fig. 11 that the grid current and voltage are in phase
under both steady state and transient load variations. Hence
unity power factor at source side is achieved.

Note that, the currents under non-homogeneous H-
bridge modules scenario are almost same as those under
homogenous module scenario. Hence the waveforms of the
non-homogenous H-bridge situation are omitted here.
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Fig. 9. Individual and the average dc-link capacitor voltage of the
cascaded APF (@) reactive compensation mode, (b) reactive and
harmonic compensation mode in case of non-homogeneous H-
bridges
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Fig. 10. Difference voltages of dc-link capacitors of the cascaded
APF (a) reactive compensation mode, (b) reactive and harmonic

compensation mode in case of non-homogeneous H-bridges
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Fig. 12. Waveforms of load current, APF current and source-side
current and voltage under reactive and harmonic compensation
mode.

Fig. 12 shows the simulation results when the system
is under reactive and harmonic compensation mode when
the switch sw; is turned on, while the control parameters
remain unchanged. It shows that the cascaded APF
compensates both the reactive and harmonic current of the
nonlinear load, and the grid-side current and voltage
remain in phase hence unity power factor is also ensured. It
can be conclude that the cascaded H-bridge APF provides
flexible reactive and harmonic compensation capability,
and the grid currents can be restored into pure sinusoidal
wave shapes without harmonic contamination.

Conclusions

A novel dc-link capacitor voltage balancing strategy
is proposed by regulating the average dc-link voltage and
the difference of individual dc-link voltage with respect to
the average dc-link voltage. The proportional and resonant
(PR) controller is adopted in the current-loop for reference
current tracking. Sufficient stability characteristic of the
dc-link voltages is achieved under steady state conditions
and transient load variations, which substantially confirms
the validity and robustness of the proposed control scheme.
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