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Abstract—Multilevel cascaded H-bridge converters are promis-
ing candidates for large-scale photovoltaic power plants. They al-
low direct connection to medium-voltage distribution networks
without the presence of bulky line frequency power transform-
ers. Owing to the stochastically variable nature of irradiance level,
ambient temperature, and other factors, power levels in the three
phases are expected to be unequal. The power imbalance condition
creates unexpected problems with this topology, which was initially
designed to operate under balanced power conditions. To deal with
this issue, the paper proposes three novel zero-sequence injection
methods as an expansion to the conventional zero-sequence injec-
tion method. Results obtained from simulations and a 430-V 8-kW
three-phase seven-level cascaded H-bridge prototype are presented
to verify the effectiveness and feasibility of the proposed methods.

Index Terms—AC-DC power converters, cascaded H-bridge
(CHB) converter, multilevel converter, photovoltaics (PV).

NOMENCLATURE

Vga, Vgb, Vg Three-phase grid voltage vectors.
Vy Grid voltage (line-to-line) (rms).

Vya Grid voltage (direct-axis component) (rms).

Va, Vyp, V¢ Three-phase converter output voltage vec-
tors.

Vg, Up,y Ve Three-phase converter output voltages (in-
stantaneous values).

AT A Positive-sequence component of three-phase
converter output voltages (instantaneous val-
ues).

v Positive-sequence component of three-phase
converter output voltages (rms).

vl vl vl Fundamental frequency component of three-
phase converter output voltages (instanta-
neous value).

vivh vl Fundamental frequency component of three-
phase converter output voltages (rms).

Ba, By B Phase angles of fundamental frequency com-

ponent of three-phase converter output volt-
ages.
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v3 Third harmonic component of three-phase
converter output voltages (instantaneous
value).

Lo, Loy, Igc Three-phase grid current vectors.

Tgaslgh, lge Three-phase grid currents (instantaneous val-
ues).

1, Grid current (rms).

\'A Fundamental frequency zero-sequence vec-
tor.

Y Fundamental frequency zero-sequence com-
ponent (instantaneous value).

Vo Fundamental frequency zero-sequence com-
ponent (rms).

p0, 0 Fictitious fundamental frequency zero-

sequence component (instantaneous value).
0 Phase angle of fundamental frequency zero-
sequence component.

Paom Three-phase nominal power (peak).

Aas by Ac Three-phase power generation ratios.

w Angular frequency.

«a Phase angle between converter output volt-
age vectors and grid current vectors.

Vde Capacitor (dc side) voltage of H-bridges.

I. INTRODUCTION

ARGE-SCALE centralized photovoltaic (PV) power
plants are considered more attractive than small-scale resi-
dential installations, since they provide lower costs per watt and
are operationally closer to conventional power plants [1]-[5].
Most of the commercially available converters for PV power
plants are traditional two-level voltage-source converters with
rated power lower than 1.5 MW [6], [7]. Multilevel high-power
PV converters, operating with reduced switching frequency and
losses and, hence, increased efficiency, are being explored by
researchers worldwide as a promising alternative [8]-[23]. The
multilevel cascaded H-bridge (CHB) converter is considered
one of the most suitable candidates for next-generation PV plant
converters [12]-[21], owing to the presence of multiple separate
low-voltage dc links, which are readily available in PV systems.
A three-phase seven-level CHB converter (see Fig. 1) con-
sists of nine H-bridges (three per phase), each fed by multiple
strings of PV modules via separate dc—dc converters. The reg-
ulation of the dc-side capacitor voltages vq. is performed via a
voltage controller, while each dc—dc converter conducts inde-
pendent maximum power point tracking (MPPT) to maximize
the captured power. A high-frequency isolation transformer is



YU et al.: POWER BALANCE OF CASCADED H-BRIDGE MULTILEVEL CONVERTERS FOR LARGE-SCALE PHOTOVOLTAIC INTEGRATION 293

phase a
H-bridge al
Isolated DC-DC Converter

PV String

:
:

‘ H-bridge a2

‘ H-bridge a3

phase b

’ phase ¢

Fig. 1. Three-phase seven-level CHB converter.

included in the de—dc converter for two reasons. One is to isolate
the PV modules from the grid, because most commercial PV
modules are designed to withstand no more than 1000 V be-
tween the active part and the grounded frame. The second rea-
son is that the transformer helps to increase the voltage gain of
the dc—dc converter so that MPPT can still be achieved under
low irradiance levels.

The topology shown in Fig. 1 features several merits. The
required switching frequency and resulting power losses are
less than the conventional two-level solution, since the con-
verter output voltages exhibit multilevel waveforms. It can also
be extended to more levels without much effort owing to its
modular structure. Additionally, bulky and heavy line-frequency
power transformers can be eliminated, because galvanic isola-
tion has been implemented via compact high-frequency trans-
formers embedded in the dc—dc stage, and by cascading more
H-bridges the converter is able to reach medium voltage levels.
A recent evaluation of the CHB for large-scale PV applications
demonstrates that multilevel CHB converters can reduce the lev-
elized cost of energy, compared with state-of-the-art two-level
converters [12].

A vital problem stemming from the independent operation of
multiple dc links is that the power generated by the PV modules
connected to each bridge can be unequal. This power imbalance
can be caused by nonuniform solar irradiance, unequal ambi-
ent temperatures, or inconsistent module degradation. However,
most grid codes mandate three-phase balanced currents [24].
Modified control methods are thus needed to deliver balanced
three-phase currents to the grid; otherwise, the converter may
have to be disconnected from the grid, resulting in wasted power.

The essence of the power imbalance problem lies in the deliv-
ery of three-phase balanced currents to the grid, with unbalanced
PV power generation in each bridge. The problem can be fur-
ther classified into two categories: 1) the interphase (clustered)

power imbalance, which occurs when each phase generates a
different amount of power; and 2) the interbridge (individual)
power imbalance, which happens when each bridge in the same
phase leg generates a different amount of power.

A continuous time-domain power balancing control algo-
rithm has been presented to solve the interbridge imbalance
of a single-phase CHB converter [15]. A corresponding discrete
method has also been proposed to deal with the same problem
[16]. However, in both papers, owing to the absence of interfac-
ing dc—dc converters, the capacitor voltages of H-bridges have
to be varied to achieve local MPPT, resulting in a suboptimal
harmonic spectrum. Moreover, the lack of galvanic isolation
limits the operational dc voltage owing to safety requirements;
thus, making it less attractive for high-power applications.

The injection of a zero-sequence component into the converter
output voltages has been proven effective in solving the inter-
phase power imbalance of three-phase CHB converters [17]—
[20]. A weighted min—-max (WMM) zero-sequence injection
method was proposed in [19] and [20], which modifies the con-
verter output voltages with the ratio of actual power generation.
Although WMM is simple to implement, it is not able to pro-
vide sufficiently accurate results for the power balance control.
A fundamental frequency zero-sequence injection (FFZSI) that
redistributes the generated power among the three phases has
been derived through the instantaneous power theory [17] and
phasor diagrams [ 18], respectively. Although this zero-sequence
injection method features clear physical explanation and simple
implementation, it is certainly not the best option. The injec-
tion of the zero sequence comes at the expense of increasing
converter output voltages. While the converter output voltages
increase with the severity of the power imbalance and reach the
limit set by the dc-side voltages, the target of delivering balanced
grid currents with the zero-sequence injection fails. FFZSI ex-
ploits the relatively low dc-side voltages in such an inefficient
way that the voltage limit is easily reached with a slight power
imbalance. The interphase and interbridge power imbalance can
solved with different and independent approaches.

The objective of this paper is to propose and experimentally
verify three novel zero-sequence injection methods to deal with
the interphase power imbalance problem of CHB converters in
large-scale PV power plants. Compared with the conventional
solution (FFZSI), the proposed methods offer better utilization
of the dc-side voltages by modifying the harmonic components
of the injected zero sequence. The new methods are able to gen-
erate three-phase balanced grid currents under relatively severe
power imbalance conditions, where the conventional solution
fails.

The rest of the paper is organized as follows. Section II
reviews the existing method (FFZSI) and the corresponding
mechanism of achieving three-phase balanced grid currents
with unbalanced PV power generation from the three phases.
Three novel methods are subsequently derived in Section III.
Section IV describes simulation of a 10-MW PV power plant,
before experimental results from a scaled-down laboratory pro-
totype are provided in Section V to validate the effectiveness
and feasibility of the presented methods. Final conclusions are
drawn in Section VI.
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Fig. 2. Phasor diagram for balanced operation of a CHB converter.

Fig. 3.

Phasor diagram for unbalanced operation of a CHB converter.

II. REVIEW OF THE EXISTING METHOD

For CHB converters with equal amounts of power generated
in each phase, the three-phase converter output voltages are ex-
pected to be symmetrical with equal amplitude and 120° phase
displacement from one another; therefore, are the grid current
vectors. InFig. 2, Vga, Vg, and Vg and Iy, Iy, and I rep-
resent the grid voltage and current vectors, respectively, while
Va, Vy, and V. represent the converter output voltage vectors.
When the power generated by the PV modules connected to
different phases is unequal, the three-phase grid currents will be
asymmetrical (see Fig. 3) if the converter is still modulated in
the same way as when balanced power is generated.
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Fig. 4.

Phasor diagram for unbalanced operation with FFZSI.

The calculations of power imbalance are based on the power
generation ratios A,, Ay, and A., which are defined as the actual
generated power of each phase compared to 1/3 of the three-
phase nominal power P, as

Pa.b,c

Pnom/?). (1)

)La,b,c =

In a generalized unbalanced case, the three-phase power gen-
eration ratios are expected to be
0<A'a7é)‘*b7é)"c§1- (2)
The injection of a fundamental frequency zero-sequence com-
ponent into the converter output voltages is able to rebalance the
three-phase grid currents [17], [18]. The power generated by the
injected zero sequence vector VO with the grid current vector
of each phase Ig,, Igp, and Ig. (see Fig. 4) should be equal

to the extra power of that phase after deducting the three-phase
average

Y Pnom
VO, cos = AP, = (A, — A) 3 (3a)

0 'y PHOm
VoI, cos(0+2n/3) = AP, = (A — 1) 3 (3b)

0 Y -F)nonl
VP, cos(§ —2m/3) = AP, = (A, — A) 3 (3o)
1= M (3d)

3
The FFZSI can thus be derived as

0" = V2V cos(wt + 6) 4)
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TABLE I
ZERO-SEQUENCE VECTOR SECTOR

Three-phase Power Generation Ratios  Sector

Ay < Ae < Aq I)
Ay < Ag < Ae 1)
Ao < Ap < A (1II)
Ao < Ae < Ay av)
Ae < hg < Xy V)
Ae < Ay < Ag (VD)

where
VEA
Vo= Y7y 5
3(ha £ hp + Ae) ¢ (52)
sin” (ngw) Sectors (1), (VI)
2t . (V6 (A — )
- 3 + sin Sy — Sectors (II), (III)
4 Ag — A
% +sin! % Sectors (IV), (V)
(5b)
2 2 2
A= O = 1) + (= 1) + (= 1) 50)

and the sector can be determined via Table I.

Equation (5) shows that the rms value and phase angle of
FFZSI are determined by the grid voltages and the three-phase
power generation. The rms value V" is expected to increase with
the severity of the power imbalance. The maximum converter
output voltages are, on the other hand, constrained by the dc-side
voltages, just like most voltage-source converters. If the required
converter output voltages fall within the limit set by the dc-
side voltages, FFZSI is able to deliver balanced grid currents,
even with unbalanced power generation. However, when the
power imbalance among the three phases increases, the required
converter output voltages are likely to exceed the limit, and the
method ceases to function properly.

III. NOVEL ZERO-SEQUENCE INJECTION METHODS

Adding high-order harmonics to FFZSI will not affect its
power rebalance effort, since these harmonics are expected to
generate zero average active power with the fundamental fre-
quency grid currents. In this section, therefore, three new zero-
sequence injection methods are described that share the same
fundamental frequency component, and only modify the high-
order harmonics of the zero-sequence injection.

A. Double 1/6 Third Harmonic Injection (DTHI)

Third harmonic injection is an effective way to improve the
dc voltage utilization of the three-phase voltage-source inverter.
For symmetrical converter output voltages, a third harmonic in-
jection with an amplitude of 1/6 of the fundamental frequency

component achieves the highest ac output voltage without over-
modulation [25].

Having noted that FFZSI is also sinusoidal, a straightforward
way to find a harmonic injection is to combine the optimal
injection of the positive sequence with the optimal one of the
zero sequence. The method is hence named as DTHI. The con-
verter output phase voltage of phase a with DTHI can be written
as

+

Ve = V2V cos (wt + o) — cos (3wt + 3a)

Term 1 Term 2

+ V2V cos (wt + 0) —

Term 3

0
\/§6V cos (3wt +360)  (6)

Term 4

where V' and V' represent the rms value of the positive se-
quence and zero sequence, respectively. Term 1 in (6) stands
for the positive sequence and Term 2 for its 1/6 third harmonic
injection, whereas Terms 3 and 4 represent FFZSI and its 1/6
third harmonic injection, respectively.

Implementation of the method is simple, since both the pos-
itive sequence and FFZSI are readily available. All that needs
to be done is to calculate their 1/6 third harmonic injections.
However, one limitation of DTHI is that it is derived based on
the assumption that the overall optimal third harmonic injection
equals the sum of the optimal injection of its positive sequence
and that of its FFZSI. Unfortunately, the superposition principle
generally does not apply for this nonlinear situation.

The resultant converter output voltage (phase a) without the
third harmonic injection should be the sum of the positive se-
quence and zero sequence as

vt = V2V! cos (wt + 3,)
= V2V cos (wt + a) + V2V cos (wt +60) . (7)

However, its optimal third harmonic injection is generally
unequal to the sum of the optimal third harmonic injection of
its positive sequence and that of its FFZSI

2V1 2V F
\[6% cos (3wt +38,) # —\[g/

V2V°
6

cos (3wt + 3a)

cos (3wt +30) . (8)

This demonstrates that, despite its simple implementation and
better derivation over FFZSI, DTHI is unable to achieve an opti-
mal implementation and, thus, allows for further improvement.

B. Reduced Third Harmonic Injection (RTHI)

DTHI can be improved by directly deriving the optimal zero-
sequence injection of the resultant converter output voltages
(sum of the positive sequence and fundamental frequency zero
sequence); thus, avoiding separate optimization of third har-
monic injections and the superposition.

As we can see from Fig. 5(a), adding the zero sequence v
to the symmetrical positive sequence v, ”; , vl creates a set

0
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Fig. 5. Problem and solution of RTHI. (a) Positive sequence v, , v;r T

the zero sequence v, and the resultant converter output voltages without third
harmonic injection v}, vg, v}. (b) 1/6 third harmonic injection of the phase

with largest amplitude v and resultant converter output voltages v, , vy, .
(c) RTHI v3* and the resultant converter output voltages vy, v}, v,

of resultant converter output voltages v, v}, v}, which are still
sinusoidal yet asymmetrical as

vi \/5‘/;1 cos (wt + B,)

= V2V cos (wt + @) + V2V cos (wt +6)  (9)
vp = V2Vl cos (wt + 3y)
= V2V cos (wt + o — 21/3)
+ V2V cos (wt + 0) (10)
ve = V2V, cos (wt + B.)
= V2V cos (wt + a + 21/3)
+ V2V cos (wt + 0) an
Vi # V) #£V! (12)
Ba # Bo +2m/3 # B —2m/3. (13)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 1, JANUARY 2016

Since the phase with the largest amplitude is most likely to
reach the limit set by the dc-side voltages, the third harmonic
injection should be calculated based on that phase as

3 \/5‘/;1 (14)
6

v ==

cos (3wt + 36;)

where V! = max {V,!,V}', V! }. Finally, the converter output
voltage of phase a can be written as

ve = V2V cos (wt+a) + V2V cos (wt +0)

Term 2

Term 1

2V1
- % cos (3wt + 353;)

s)

Term 3

where Terms 1 and 2 represent the positive sequence and zero
sequence, while Term 3 represents the third harmonic injection.
With this injection, the most vulnerable phase has been injected
with its optimal third harmonics. Fig. 5 illustrates a condition
when the method does not work as expected. In the example,
phase a has the largest resultant voltage amplitude [see Fig. 5(a)]
and, thus, the 1/6 third harmonic of phase a is injected (VI1 = V:Zl
and 3, = (3,). However, Fig. 5(b) shows that after the injection
the largest resultant voltage occurs in phase c, instead of phase a.
This is because the three-phase resultant voltages are no longer
symmetrical as seen in (11)—(13). The third harmonic injected to
reduce the maximum voltage of one phase, in this case, increases
the voltage of another phase, contradicting the basic assumption
of the method.

Therefore, we have to verify whether the most vulnerable
phase remains the same before and after the third harmonic
injection. If the phase remains unchanged, the injection given
in (14) should be the optimal third harmonic solution. Oth-
erwise, more needs to be done. Reducing the injection level
increases the maximum voltage of phase a v,(max), yet de-
creases that of phase ¢ v.(max). Therefore, one way to solve
the issue is to reduce the injection level from 1/6 to a proper
value, which can be found when the overall maximum volt-
age max {Vy(max), Ve(max) } Teaches its minimum value, as
demonstrated in Fig. 5(c). This is why, this method is called
as RTHI. When the aforementioned phenomenon does not hap-
pen, the 1/6 third harmonic injection of the phase with the
largest amplitude works perfectly. However, when the phe-
nomenon occurs and injection level reduction is necessary, the
required computations can make the real-time online calculation
challenging.

C. Double Min—Max (DMM)

The min—max sequence is an alternative way to achieve better
utilization of the dc voltage, which has equivalent performance
to the 1/6 third harmonic injection [25]. By duplicating the idea
of DTHI, this section describes the DMM injection, and consists
of the min—max sequence of the positive sequence and that of
the required fundamental frequency zero sequence (4) as well.
The converter output voltage of phase a with DMM can be
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expressed as

ve = V2V cos (wt + a) + minmax {v; v, v}

C

Term 1 Term 2 a 6)
+ V2V cos (wt + 0) + min max {00, 0%, 0"}
Term 3 Term 4
where
minmax{v:,vlf,vj}
~ min{v), v, 00} + max {v), 07,00} (17
B 2
min max {vo, 0%, UO**}
~ min {vo,vo*,vo**} +max{v0,v0*,vo**} (18)
B 2
vf = V2V cos (wt + @) (19a)
v = V2V* cos (wt +a — 21/3) (19b)
vl = V2V cos (wt + o + 21/3) (19¢)
" = V2V cos (wt + ) (20a)
" = V2V cos (wt + 6 — 27/3) (20b)
" = V2V cos (wt + 0 + 27/3) . (20c)

Terms 1 and 3 represent the positive sequence and the funda-
mental frequency zero sequence, respectively, while Terms 2
and 4 represent the min—max sequence of the positive sequence
and zero sequence, respectively. v** and v"** are fictitious volt-
ages created by displacing v° by 120° and 240°, respectively,
because the min—max sequence can only be calculated with a
set of three-phase voltages.

DMM separately derives the min—max sequence injections of
the positive sequence and the fundamental frequency zero se-
quence and then superposes, just as in DTHI. However, unlike
DTHI, the superposition principle works well for DMM. The
min—max sequence is calculated based on the instantaneous val-
ues of a set of three-phase voltages, and separate derivation of
the min—max sequence of the positive sequence and the funda-
mental frequency zero-sequence component is allowed.

IV. SIMULATION VERIFICATION

A 10-MW three-phase seven-level CHB converter was simu-
lated using MATLAB/PLECS to verify the effectiveness of the
proposed methods. The parameters of the converter are listed
in Table II. The converter enables a direct connection to the
6.6-kV distribution network without a line frequency power
transformer. The capacitor voltage of each H-bridge is regu-
lated to be constant at 2200 V. In real applications, the voltage
could be lower if more H-bridges were cascaded. The multilevel
waveform synthesis allows the switching frequency to be as low
as 600 Hz, greatly reducing switching losses. The selected PV

TABLE II
SIMULATION PARAMETERS OF THE THREE-PHASE SEVEN-LEVEL
CHB CONVERTER

Parameters Values

Three-phase Nominal Power P, o, 10 MW

Grid Voltage V, 6600 V

Capacitor Voltage vq. 2200 V

IGBT Voltage Rating 3300 V

IGBT Current Rating 1500 A

Filtering Inductor L ¢ 5 mH

Phase Shift PWM Carrier Frequency f 600 Hz

TABLE III
PV PARAMETERS

Parameters Values
PV Module Type BP 365

Output Voltage at Maximum Power Point 17.65 V

Output Current at Maximum Power Point 3.68 A
Maximum Power 65 W

Series PV Modules per String 55

Paralleled Strings per H-Bridge 311

v
gd P a P b p c
v v
9 Zero Sequence
Generator

Fig. 6.

Control implementation.

module (BP365) reaches a maximum power output of 65 W
under an irradiance of 1000 W/m?. Each H-bridge is fed by a
1.11-MW PV block, which is formed by the series and parallel
connection of modules in the way listed in Table III.

A conventional decoupled control based on the dg rotational
frame (see Fig. 6) is implemented. The sum of capacitor volt-
ages is regulated toward the reference by amplifying the error
signal and setting it as the direct axis current reference. The zero
sequence v, which is the focus of this paper, is generated based
on three-phase power generation p,, py, p. with the methods
described above, and added to the converter output voltages.

A. Casel(h, =10 = 0.7929,1, = 1)

It is assumed that the irradiance on the PV modules of phase
b falls from 1000 to 800 W/m?, corresponding to 79.29% of its
peak power, whereas the other two phases are subject to uni-
form irradiance of 1000 W/m?. If unregulated, the grid current
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(b) FFZSI.

TABLE IV
CURRENT IMBALANCE AND DISTORTION (CASE I) (SIMULATION)

Methods Imbalance Distortion

+ THD (ig4q) THD (iyy ) THD (i4.)
Unregulated 5.61% 5.05% 5.19% 4.35%
FFZSI 0.15% 0.74% 0.73% 0.80%

imbalance and harmonic distortion will be unacceptable [see
Fig. 7(a)]. Results with FFZSI under the same power imbalance
are shown in Fig. 7(b). The converter output voltages become
asymmetrical to maintain three-phase balanced grid currents.
The current imbalance, which is indicated by comparing the
amplitude of the negative sequence to that of the positive se-
quence [26] and total harmonic distortion (THD) are listed in
Table IV.

B. Case Il (A, = 0.3813, A, = 0.4834, A, = 0.6894)

In the second case, the irradiance on the PV modules of
phase a, phase b, and phase ¢ drops to 400, 500, and 700 W/m?,
corresponding to 38.13%, 48.34%, 68.94% of its peak power,
respectively. It is shown in Fig. 8(a) that the FFZSI results in
considerable harmonic distortion with the grid currents due to
converter saturation. The imbalance also increases as power
redistribution cannot be implemented satisfactorily in the over-
modulation region. The current imbalance and distortion for
Case II are demonstrated in Table V. The three presented meth-
ods (DTHI, RTHI, and DMM), on the other hand, are still able
to generate balanced grid currents with acceptable level of har-
monic distortion, despite the deteriorated power imbalance [see
Fig. 8(b)—(d)]. Their superior performance in achieving three-
phase balanced grid currents is hence confirmed.

V. EXPERIMENTAL RESULTS

Fig. 9 shows the schematic diagram and hardware image
of the 8-kW three-phase seven-level CHB converter designed,
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asymmetrical

0.02 0.03

(d)

0 0.01 o)

Simulation results of converter output voltages v, vy, v and grid currents 444, igp, igc Of unbalanced operation Case I with: (a) unregulated and

constructed and tested in the laboratory to verify the feasibility
of proposed methods (Case I) and their superiority compared to
the conventional solution (Case II).

The prototype is fed by nine isolated Elgar TerraSAS PV
simulators from Ametek, each of which is rated at 600 V and
8 A. The profile of the Sunpower 230 (72 cells) PV module is
used in the PV simulators. In this experiment, each simulator
is programmed to simulate the electrical behavior of a string
consisting of four PV modules in series. The maximum power
output of 920 W (164 V and 5.61 A) is expected for each bridge
under 1000 W/m? and 25 °C. With a total of nine bridges, the
converter thus delivers the peak power of 8 kW into the grid.
Nine Powerex H-bridge modules (PP75B060) rated at 600 V
75 A are used to construct the three-phase seven-level con-
verter. In this experiment, the capacitor voltage is designed to
be fixed at 164 V, which tracks the maximum power point under
1000 W/m? and 25 °C. Each module comes with electrolytic ca-
pacitors with a capacitance value of 18 mF, which corresponds
to a unit capacitance constant H of 270 ms at 164 V [27].

The control strategy is implemented in a dSPACE DS1006
platform with onboard Xilinx FPGA modules operating at
100 MHz to ensure a real-time PWM generation. The carrier
frequency of the phase-shifted PWM is chosen to be 600 Hz,
representing a switching frequency practical for real applica-
tions. Since three H-bridges are cascaded in one phase leg, the
converter output phase voltages feature seven-level waveforms
with an equivalent switching frequency of 3.6 kHz. Finally, the
prototype is connected to the 430-V three-phase utility grid via
an isolation transformer.

The dc—dc conversion, which should be included in real ap-
plications, is omitted in the setup, since the focus of the paper
lies in the interphase power balance, and galvanic isolation has
already been implemented internally in the PV simulators. The
only problem that may arise without those dc—dc converters is
the inability to accurately track the maximum power point, when
it moves as a result of changes in irradiance or temperature, but
it does not affect the purpose of this paper to demonstrate zero-
sequence injection methods.
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Fig. 8. Simulation results of converter output voltages v, , vy, v and grid currents 444, 94, iy Of unbalanced operation Case II with: (a) FFZSI, (b) DTHI,

(c) RTHI, and (d) DMM.

TABLE V
CURRENT IMBALANCE AND DISTORTION (CASE II) (SIMULATION)

Methods Imbalance Distortion

+ THD (igq ) THD (igp) THD (i, )
FFZSI 2.15% 3.33% 9.40% 11.95%
DTHI 0.31% 1.40% 1.66% 1.32%
RTHI 0.30% 1.41% 1.66% 1.33%
DMM 0.59% 1.25% 1.46% 1.42%

Fig. 10(a) shows the experimental results when all PV strings
are subject to 1000 W/m? and 25 °C to demonstrate the bal-
anced operation of the CHB converter prototype. The converter
output voltages feature seven-level synthesized waveforms, as
expected, and grid currents are symmetrical with limited har-
monics. The dc-side voltages and currents of three bridges (al,
b1, cl) are shown in Fig. 11(a) to confirm the balanced power
generation among all phases. The voltages and currents of the
other six bridges are not included here, as no interbridge power
imbalance is introduced.

A. Casel (A, =08 Ay, =1,A.=1)

The solar irradiance level was decreased from 1000 to
800 W/m? in phase a, corresponding to approximately 80%
of its peak power. The irradiance levels in the simulators of
phases b and ¢ remained at 1000 W/m?.
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Fig. 9. Experimental setup: (a) schematic diagram, and (b) hardware image.
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Experimental results of converter output voltages and grid currents of: (a) balanced operation, (b) unbalanced operation Case I with FFZSI, (c) unbalanced

operation Case I with DTHI, (d) unbalanced operation Case I with RTHI, (e) unbalanced operation Case I with DMM. CHI: converter output voltage of phase a
vq ; CH2: grid current of phase a i, ; CH3: converter output voltage of phase b v, ; CH4: grid current of phase b 4,5, ; CHS5: converter output voltage of phase c v.;

CH6: grid current of phase ¢ i4.. CH1, CH3, CHS5: 250 V/div; CH2, CH4, CH6:

Fig. 10(b) shows the results with FFZSI. The three-phase
converter output voltages v,, vy, v, are no longer symmetrical,
owing to the injection of the zero sequence and the shift of
the neutral point. However, only this way can the converter

10 A/div.

deliver three-phase balanced currents into the grid. The
experimental waveforms with DTHI, RTHI, and DMM under
the same power imbalance are demonstrated in Fig. 10(c)—(e),
respectively, to verify the feasibility of these methods. The
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Fig. 12. Experimentally measured injections of FFZSI, DTHI, RTHI, and
DMM.

converter output voltages feature different waveforms owing to
the injection of different zero sequences, and the grid currents
are balanced as expected.

The unique characteristics of each zero-sequence injection
are further illustrated Fig. 12. Although the waveforms differ in
shape, all zero-sequence injections share the same fundamental
frequency component, which is uniquely defined by the power
imbalance in (5).

The dc-side voltages and currents of bridges al, b1, c1 under
these irradiance levels are shown in Fig. 11(b) to confirm the
unbalanced operation. Although bridge al generates 20% less
power than bridges b1 and c1, all capacitor voltages can still be
regulated around the reference value. If the balance algorithm
(FFZSI) is disabled, the capacitor voltages will diverge from the
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Fig. 13. Experimental results of capacitor voltages and grid currents after

disabling FFZSI.

reference, as demonstrated in Fig. 13. This is because, without
power balancing control, the converter collects equal amounts
of power from the H-bridges, whereas the power generated by
the respective PV simulators connected to those H-bridges may
not be equal. When the capacitor voltages (in this case vqc(q1),
Vde(a2)> Vde(a3)) decrease to the level lower than the peak value
of the converter output voltages, the converter loses the ability
to regulate the grid currents.

B. Casell (hg ~ 045 Ay =1, ke = 1)

The irradiance level of the PV simulators connected to phase
a was further decreased to 450 W/m?, while the other two phases
were left unaltered at 1000 W/m?. The grid current waveforms
with FFZSI, DTHI, RTHI, and DMM are depicted in Fig. 14.
These results demonstrate that, under this power imbalance,
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Experimental results of grid currents of unbalanced operation Case II with: (a) FFZSI, (b) DTHI, (c) RTHI, (d) DMM. CH2: grid current of phase a
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FFZSI fails to provide three-phase balanced grid currents due to
converter saturation, while DTHI, RTHI, and DMM all exhibit a
satisfactory performance. The results confirm the superiority of
the proposed methods over FFZSI for severe power imbalance
conditions.

VI. CONCLUSION

Injection of a zero sequence is necessary in order to deal
with interphase power imbalance in a CHB converter. In addi-
tion to the existing FFZSI method, three novel methods have
been proposed in this paper, i.e., DTHI, RTHI, and DMM
zero-sequence injection. They share the same fundamental fre-
quency component with FFZSI, although their high-order har-
monic components are different. The proposed methods are
able to rebalance the grid currents under severe interphase
power imbalance conditions, where conventional FFZST fails;
thus, effectively extending the power balance limit of a CHB
converter. DTHI and DMM also feature simple implementa-
tion. Both simulation and experimental results have been pro-
vided to validate the feasibility and superiority of the proposed
methods.
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