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Abstract—Multilevel-cascaded H-bridge converters are promis-
ing candidates for next generation photovoltaic power converters.
They feature reduced switching losses and higher conversion effi-
ciency with modular structure; characteristics vital for large-scale
photovoltaic power plants. However, the stochastically-variable na-
ture of irradiance levels and ambient temperatures affects the nor-
mal operation of this topology, because power levels in the three
phases can be unequal. The existing zero sequence injection method
can deal with the power imbalance problem, but it is limited in its
application. The paper proposes a zero sequence injection method
to optimize the converter power balance, extending the converter
operation with severe power imbalance. Based on the proposed op-
timal method, a simplified optimal zero sequence injection method
requiring less calculation effort is derived and compared with the
optimal method. Simulation and experimental results validate the
effectiveness and feasibility of the proposed methods.

Index Terms—AC–DC power converters, cascaded H-bridge
converter, multilevel converter, photovoltaics.

NOMENCLATURE

Vga ,Vgb ,Vgc Three-phase grid voltage vectors.
vga , vgb , vgc Three-phase grid voltages (instantaneous

values).
Vg Grid voltage (line-to-line) (rms).
Va ,Vb ,Vc Three-phase converter output voltage

vectors.
va , vb , vc Three-phase converter output voltages (in-

stantaneous values).
VLa ,VLb ,VLc Three-phase inductor voltage vectors.
V0 Fundamental frequency zero sequence

vector.
v0 Zero sequence (instantaneous value).
v0

f Fundamental frequency zero sequence com-
ponent of the optimal zero sequence injec-
tion (instantaneous value).

V 0 Fundamental frequency zero sequence com-
ponent (rms).
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V0 ′
Fundamental frequency vector of the sim-
plified optimal zero sequence injection.

V0∗ Error vector between V0 and V0 ′
.

vdc Capacitor (dc side) voltage of H-bridges.
Vp Magnitude of the square wave of the optimal

zero sequence injection.
V

′
p Magnitude of the square wave of the simpli-

fied optimal zero sequence injection.
Iga , Igb , Igc Three-phase grid current vectors.
iga , igb , igc Three-phase grid currents (instantaneous

values).
Ig Grid current (rms).
�+ Positive sequence.
�− Negative sequence.
H Unit capacitance constant.
Lf Three-phase filtering inductors.
Pnom Three-phase nominal power (peak).
pa,b,c Instantaneous power generated in phases a,

b, c.
α Phase angle between converter output volt-

age vectors and grid current vectors.
β Positive-to-negative zero-crossing angle of

the optimal zero sequence injection.
γ Positive-to-negative zero-crossing angle of

the fundamental frequency zero sequence
injection.

δ Phase angle between the negative sequence
grid current vector (phase a) and the positive
sequence grid current vector (phase a).

η Three-phase current (voltage) imbalance
factor.

θ Phase angle of fundamental frequency zero
sequence component.

θ′ Phase angle of fundamental frequency zero
sequence component of the simplified zero
sequence injection.

λa , λb , λc Three-phase power generation ratios.
λ̄ Average three-phase power generation ratio.
ω Angular frequency.

I. INTRODUCTION

MULTILEVEL power converters have been attracting at-
tention from researchers worldwide because of their out-

standing characteristics [1]–[6]. Their multilevel waveform syn-
thesis allows switches to operate with lower frequency, thus
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Fig. 1. Three-phase seven-level CHB converter.

resulting in reduced switching losses and higher conversion
efficiency. Also, medium voltage levels can be easily reached
with low voltage switching devices, which are readily available
in the market.

Among all practical multilevel topologies, the cascaded
H-bridge (CHB) multilevel converter is considered as one of the
most suitable configurations for large-scale photovoltaic (PV)
power plants [7]–[19]. When the topology is used in high power
motor drives, one of the drawbacks is the presence of multiple
independent dc links, because a set of bulky transformers is
usually needed to provide isolated dc sources [2], [20]. How-
ever, this problem does not exist in PV applications, because
the multiple dc links can be readily connected to separate PV
strings.

Fig. 1 shows the three-phase, seven-level CHB converter
investigated in this paper. The converter consists of nine
H-bridges, each fed by multiple PV strings via separate dc–dc
converters. A high-frequency isolation transformer is manda-
tory in the dc–dc converter to isolate the PV modules from the
grid, because most commercial PV modules can withstand no
more than 1000 V between the active part and the grounded
frame [21]. The transformer also helps increase the voltage gain
of the dc–dc converter, so that maximum power point tracking
(MPPT) can still be achieved under low irradiance levels. The dc
side capacitor voltages vdc are regulated by the voltage-oriented
control (VOC), while each dc–dc converter conducts indepen-
dent MPPT to maximize the captured power. The arrangement
has two more attractive features. The modular structure first al-
lows easy extension to reach higher voltage and power levels,
thus making it feasible to connect the whole PV farm to the
medium voltage network with a single converter. In addition,
the bulky and heavy line-frequency power transformers are no
longer necessary, since galvanic isolation has been provided by
embedded compact high-frequency transformers.

The CHB converter was initially designed with each H-bridge
generating an equal amount of power. However, in PV applica-
tions, the power generated by the PV modules connected to each

bridge can be unequal, because of nonuniform solar irradiance,
unequal ambient temperatures, partial shading and/or inconsis-
tent module degradation. This power imbalance problem can
be classified into two categories [17], [18]: 1) interphase (clus-
tered) power imbalance, which occurs when each phase gener-
ates a different amount of power; and 2) interbridge (individual)
power imbalance, which happens when each bridge in the same
phase leg generates a different amount of power. The objective
of the power balance control is to deliver three-phase balanced
currents to the grid, with unequal PV power generation in each
bridge.

Since the interphase and interbridge power imbalance can be
addressed using independent controllers, this paper focuses on
the interphase power imbalance. One way to solve the interphase
power imbalance of three-phase CHB converters is to inject a
zero sequence component into the converter output voltages
[15]–[18]. A fundamental frequency zero sequence injection
(FFZSI) that redistributes the generated power among the three
phases has been derived through instantaneous power theory
[15] and phasor diagrams [16], respectively. The injection of the
zero sequence increases the required converter output voltages,
which are usually limited by the dc-side voltages. Once the limit
is reached, the converter saturates and three-phase balanced grid
currents cannot be provided. FFZSI exploits the relatively low
dc-side voltages in such an inefficient way that the voltage limit
is easily reached with a slight power imbalance.

To deal with severe power imbalance, this paper proposes
an optimal zero sequence injection (OZSI). The method fully
exploits the voltage overhead provided by the converter, and is
able to achieve three-phase balanced grid currents in the case
of severe power imbalance, where conventional FFZSI fails.
Based on the preliminary concept discussed in [22], this paper
provides a detailed derivation of the proposed method with a
thorough analysis and extensive experimental verification. An
additional simplified optimal zero sequence injection (SOZSI)
is proposed in the paper. Compared with OZSI, the simplified
method features reduced calculation effort by avoiding numer-
ical iterations, but introduces additional negative sequence grid
currents.

The rest of the paper is organized as follows. The conventional
FFZSI and the relation between the fundamental frequency com-
ponent of the zero sequence injection and power rebalance are
reviewed in Section II. The concept, derivation and discussions
of OZSI are covered in Section III. In Section IV, SOZSI is
derived and evaluated as an alternative to OZSI. Simulation
results of a 10-MW PV power plant and experimental results
from a scaled-down prototype (9 kW) are provided in Sections V
and VI, respectively, to validate the effectiveness and feasibility
of the presented methods. In Section VII, the final conclusions
are drawn.

II. REVIEW OF CONVENTIONAL METHOD

Fig. 2 shows the phasor diagram for balanced power gen-
eration. Vga , Vgb , Vgc and Iga , Igb , Igc represent the grid
voltage and current vectors, respectively, while Va , Vb , Vc
represent the converter output voltage vectors. Fig. 3 demon-
strates how the three-phase grid currents become asymmetrical,



1110 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 2, FEBRUARY 2016

Fig. 2. Phasor diagram for balanced operation of a CHB converter.

Fig. 3. Phasor diagram for unbalanced operation of a CHB converter.

when the interphase power imbalance occurs and the converter
output voltages are left unchanged.

An indicator of the interphase power imbalance is given by
the power generation ratios λa , λb and λc

λa,b,c =
pa,b,c

Pnom/3
(1)

which compares the actual generated power of each phase to the
single-phase nominal power Pnom/3. The injection of a funda-
mental frequency zero sequence component into the converter
output voltages is able to rebalance the three-phase grid currents
[15], [16]. The power redistribution among the three phases
by the injected zero sequence vector V0 and the grid current

Fig. 4. Phasor diagram for unbalanced operation with FFZSI.

vectors Iga , Igb , Igc (see Fig. 4) can be expressed as

V 0Ig cos θ = ΔPa = (λa − λ̄)
Pnom

3
(2a)

V 0Ig cos(θ + 2π/3) = ΔPb = (λb − λ̄)
Pnom

3
(2b)

V 0Ig cos(θ − 2π/3) = ΔPc = (λc − λ̄)
Pnom

3
(2c)

λ̄ =
λa + λb + λc

3
. (2d)

The FFZSI can thus be derived as

v0 =
√

2V 0 cos(ωt + θ) (3)

where

V 0 =
√

6Δ
3(λa + λb + λc)

Vg (4a)

θ =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

sin−1

(√
6 (λc − λb)

2Δ

)

Sectors (I), (VI)

2π

3
+ sin−1

(√
6 (λb − λa)

2Δ

)

Sectors (II), (III)

4π

3
+ sin−1

(√
6 (λa − λc)

2Δ

)

Sectors (IV), (V)

(4b)

Δ =
√

(λa − λb)
2 + (λb − λc)

2 + (λa − λc)
2 (4c)

and the sector can be determined via Table I.
Eq. (4) shows that the rms value V 0 of the FFZSI is expected

to increase with the severity of the power imbalance. Injection of
the zero sequence into the positive sequence increases the max-
imum converter output voltages, which are, on the other hand,
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TABLE I
LOCATION OF ZERO SEQUENCE VECTOR V0

Three-Phase Power Generation Ratios Sector

λb < λc < λa (I)
λb < λa < λc (II)
λa < λb < λc (III)
λa < λc < λb (IV)
λc < λa < λb (V)
λc < λb < λa (VI)

constrained by the dc-side voltages. 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 unbal-
anced power generation. However, when the power imbalance
among the three phases increases, the required converter out-
put voltages are likely to exceed the limit and overmodulation
occurs. Methods that better exploit the limited converter output
voltages are necessary to extend the effective range of power
balance control.

III. OZSI

The fundamental frequency component of the zero sequence
redistributes power among the three phases, by generating un-
equal amounts of power with three-phase grid currents (see
Fig. 4). The harmonic component of the zero sequence, on the
other hand, should not affect the power redistribution and can
be modified arbitrarily, since it does not generate any active
power with the grid currents. Therefore, the optimal solution
should satisfy two requirements: 1) its fundamental frequency
component should be equal to FFZSI; and 2) its harmonic com-
ponent should make the converter output voltage peak as low as
possible.

A. Concept

Since it is challenging to find the harmonic component re-
quired to make the converter output voltage peak as low as
possible, this paper approaches the problem from a different per-
spective. We first try to investigate, based on a certain converter
output voltage peak, Vp , how to generate the zero sequence with
the largest possible fundamental frequency component. Then by
equating the obtained fundamental frequency component to the
FFZSI of (3) and (4), the required converter output voltage peak
Vp can be solved. Finally, by subtracting the positive sequence
from the converter output voltages with the peak value Vp , the
proposed OZSI is obtained.

Fig. 5(a) shows the positive sequence component of the con-
verter output voltages v+

a , v+
b and v+

c and the injected zero
sequence v0 with FFZSI. v+

a , v+
b and v+

c lead three-phase grid
currents iga , igb and igc , respectively, by α, owing to the filter-
ing inductor Lf shown in Fig. 1. The converter output voltages
are expected to reach beyond the limitation set by the dc link
capacitor voltage, which, in this case, is 3vdc [see Fig. 5(b)].
As a result, overmodulation occurs and three-phase balanced
grid currents can no longer be achieved.

Fig. 5. OZSI. (a) Positive sequence component of the converter output volt-
ages v+

a , v+
b

and v+
c , the zero sequence injection v0 with FFZSI, three-phase

grid currents ig a , ig b and ig c ; (b) Three-phase converter output voltages va ,
vb and vc with FFZSI; (c) Square wave and the voltage overhead; (d) OZSI v0

and its fundamental frequency component v0
f , (e) three-phase converter output

voltages va , vb and vc with OZSI.

For a given converter output peak voltage Vp , the maximum
voltage overhead, illustrated as the shaded area in Fig. 5(c),
can only be achieved by forcing the external envelope of the
converter output voltages to equal the square wave with an
amplitude of Vp . If this voltage overhead is used as the injected
zero sequence, its integral over a half period is maximized,
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which, as a result, means the largest fundamental frequency
component. OZSI can then be obtained by subtracting the pos-
itive sequence from the square wave as shown in Fig. 5(d),
with its fundamental frequency component v0

f equal to the zero
sequence injection v0 with FFZSI in Fig. 5(a).

The three-phase converter output voltages are plotted in
Fig. 5(e), in which the converter output peak voltage Vp ro-
tates among the three phases. The sinusoidal waveforms of the
converter output voltages with FFZSI in Fig. 5(b) are well below
the limit for most of the time, but reach beyond the limit at the
top. However, the presented OZSI makes full use of the voltage
overhead available, and thus avoids the unwanted overmodula-
tion with the same fundamental frequency component.

Since Vp is usually lower than 3vdc [see Fig. 5(e)], all devices
in the phase with its phase voltage equal to Vp or −Vp keep
switching with a constant duty cycle. It is thus different from
the discontinuous modulation which clamps the phase leg to
a nonswitching state. The only exception is when the power
imbalance increases to the critical point, and Vp is equal to 3vdc.

B. Derivation

In Fig. 5(c) the duty cycle of the square wave with a peak
voltage of Vp should be 1/2. Otherwise, the integral of the
voltage overhead would not sum to zero, and a dc component
would be introduced. The square wave is thus determined by
the peak voltage Vp and the zero-crossing angle (negative to
positive) β, shown in Fig. 5(c). The presented OZSI can then be
expressed by subtracting the positive sequence from the square
wave in a piecewise manner as

v0 =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Vp − v+
a , 0 ≤ ωt < 60◦ − α

Vp − v+
b , 60◦ − α ≤ ωt < β − π

−Vp − v+
c , β − π ≤ ωt < 120◦ − α

−Vp − v+
a , 120◦ − α ≤ ωt < 240◦ − α

−Vp − v+
b , 240◦ − α ≤ ωt < β

Vp − v+
c , β ≤ ωt < 300◦ − α

Vp − v+
a , 300◦ − α ≤ ωt < 360◦

(5)

where α denotes the phase shift between the converter output
voltages and grid voltages [see Figs. 2 and 5(a)]. The Fourier
series of v0 is given by

v0 =
∞∑

n=1

(an cos nωt + bn sin nωt) (6)

where

an =
1
π

∫ π

−π

v0 cos nωt dωt (7)

bn =
1
π

∫ π

−π

v0 sin nωt dωt. (8)

Harmonic components (n ≥ 2) do not generate active power
with the grid currents, and are not taken into consideration.
The Fourier coefficients of the fundamental frequency compo-

nent are given by

a1 =
1
2π

[
− 8Vp sin (β + α) −

√
2πV +

+
√

6V + cos 2 (β + α) −
√

6V +
]

(9)

b1 =
1
2π

[
8Vp cos (β + α) +

√
6V + sin 2β

− 2
√

6V + (β + α) + 3
√

6πV +
]

(10)

where V + denotes the rms value of the positive sequence com-
ponent of the converter output voltages. Under the same power
imbalance case, the fundamental frequency component of OZSI
should be identical to FFZSI in (3) and (4), and therefore

√
2V 0 =

√

a2
1 + b2

1 (11)

θ = − arctan
b1

a1
. (12)

To obtain Vp and β, the transcendental (9)–(12) have to be
solved. The fixed point iteration to solve β is given by

βk+1 = ϕ (βk ) , k = 0, 1, 2 . . .

ϕ (βk ) = −
√

3V 0

3V + cos (βk + α) cot (βk + α)

−
√

3π

6
cot (βk + α) +

1
2

sin 2 (βk + α)

+
1
2

(cos 2 (βk + α) − 1) cot (βk + α)

+
√

3V 0

3V + π sin (θ + α) +
3π

2
− α. (13)

The zero-crossing angle (negative to positive) of FFZSI can
be given by

γ = 270◦ − θ (14)

which can be used as the initial guess for the iteration, because
γ is very close to β, as depicted in Fig. 5(d).

Once β is solved, Vp can be given by

Vp =
1

8 sin (β + α)

[√
6V + (cos 2 (β + α) − 1)

− 2
√

2πV 0 cos (θ − α) −
√

2πV +
]
. (15)

A further investigation presented in the Appendix demon-
strates that the fixed point iteration method based on (13) may
fail to converge in some cases. Therefore, an advanced method,
namely Steffensen’s method [23], is implemented as follows:

βk+1 = ψ (βk ) , k = 0, 1, 2 . . .

ψ (βk ) = βk − (ϕ (βk ) − βk )2

ϕ (ϕ (βk )) − 2ϕ (βk ) + βk
. (16)

Steffensen’s method ensures iteration convergence. It also
achieves quadratic convergence as does Newton–Raphson
method, but without using derivatives. The Appendix also shows
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TABLE II
PARAMETERS OF THE DESIGNED THREE-PHASE, SEVEN-LEVEL

CHB CONVERTER

Parameters Values

Three-Phase Nominal Power, Pnom 10 MW
Grid Voltage, Vg 6600 V
Capacitor Voltage, vdc 2200 V
Filtering Inductor, Lf 5 mH

a case when Steffensen’s method reaches a negligible error
(|ε| < 0.01%) within only two iterations. This rapid conver-
gence property makes it practical for implementation using a
low-cost digital signal processor.

The entire period can be divided into six segments, as shown
in Fig. 5(d). The above analysis is only carried out for Segment V
(240◦ − α ≤ β < 300◦ − α), and the calculation of v0 in other
segments can be transformed to Segment V, without deriving
their own iteration equation.

For γ in Segment N (N = I, II,...,VI), a fictitious γ∗ in
Segment V can be created by

γ∗ = γ − (N − 5)
π

3
. (17)

Since the fictitious γ∗ is in Segment V, the iteration equation
derived in the manuscript can be used directly to calculate the
fictitious β∗, and then V ∗

p . Finally, the fictitious β∗ is transformed
back to β in Segment N by

β = β∗ + (N − 5)
π

3
(18)

and Vp should be equal to V ∗
p . In this way, β and Vp in a segment

other than Segment V has been solved without repeating the
complicated derivation process.

C. Relationship Between γ and β

A further discussion of the relationship between angles γ and
β is provided to justify the choice of γ as the initial guess to
solve β by iteration (16).

Table II shows the parameters of the three-phase, seven-
level CHB converter used as an example. The converter is as-
sumed to operate with an average power generation ratio λ̄ of
0.8619. The discrepancy between γ and β, plotted with different
v0

f

(
0.1 ≤ V 0/V + ≤ 0.15, 0 ≤ θ < 360◦

)
, is demonstrated in

Fig. 6. The figure shows that γ and β are close (<6◦) in the
chosen range. Since the discrepancy decreases with the increase
of V 0/V + , for the slight imbalance case

(
V 0/V + < 0.1

)
,

the discrepancy is relatively large. However, the fact is that
the slight imbalance can be easily coped with by FFZSI, and
there is no need for OZSI. For the severely imbalance case(
V 0/V + > 0.15

)
, the discrepancy is very small.

A further investigation presented in Fig. 7 shows that, for
a given θ, the angle difference (β − γ) decreases with the in-
crease of V 0/V + , which means γ and β become even closer
in cases of more severe power imbalance. The relationship be-
tween (β − γ) and θ is also shown in Fig. 8 for a given V 0/V + .
The angle difference oscillates six cycles each fundamental

Fig. 6. Discrepancy between β and γ with different power imbalance cases(
0.1 ≤ V 0 /V + ≤ 0.15, 0 ≤ θ < 360◦

)
.

Fig. 7. Relationship between (β − γ) and V 0 /V + with θ = 0◦.

period, corresponding to the six segments in Fig. 5(d). β equals
γ at segment start/end points

β = γ = N · 60◦ − α, N = 1, 2, . . . , 6 (19)

and middle points

β = γ = N · 60◦ − 30◦ − α, N = 1, 2, . . . , 6. (20)

On these occasions, the voltage overhead is naturally quarter-
wave (QW) symmetrical, as shown in Fig. 9. As a result, the
voltage overhead and its fundamental frequency share the same
zero-crossing point. It can be further observed that γ and β
are always in the same segment, because the slopes at the interval
points in Fig. 8 are less than unity. This characteristic validates
the separate derivation of β for the six segments.

IV. SOZSI

A. Derivation of the Simplified Method

Both Steffensen’s method and the choice of γ as the initial
guess for β contribute to the fast convergence of the iteration.
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Fig. 8. Relationship between (β − γ) and θ with V 0 /V + = 0.15.

+
+ +

Fig. 9. Naturally quarterly-wave symmetrical voltage overhead
(β = 270◦ − α).

Since β and γ are close (see Section III), a simplified method
can be achieved by directly using γ as an approximation of β,
thus avoiding the numerical iteration. The corresponding peak
voltage of the simplified method can be derived by substituting
γ for β in (15)

V ′
p =

1
8 sin (γ + α)

[√
6V + (cos 2 (γ + α) − 1)

− 2
√

2πV 0 cos (θ − α) −
√

2πV +
]
. (21)

B. Error Estimation

Compared to OZSI, SOZSI features simpler implementa-
tion by avoiding solution of the transcendental (9)–(12). How-
ever, negative sequence grid currents occur as a result of
the inaccurate zero sequence injection with the approximation
of (21).

As shown in Fig. 10, the fundamental frequency zero se-
quence vector of SOZI V0 ′

deviates from that of OZSI V0

by an error vector V0∗, which undermines the power redistri-
bution among the three phases by the zero sequence injection.
For example, in Fig. 10 less power is delivered to the grid by
phase a, whereas the PV power generation remains unchanged.
The negative sequence grid current vectors I−ga , I−gb and I−gc are
thus generated to balance the input and output powers of the

-

-

-

Fig. 10. Phasor diagram with inaccurate zero sequence injection and negative
sequence grid currents.

dc-side capacitors

V0∗ · I+
ga = Vga · I−ga + V0 ′ · I−ga

+ V+
La · I−ga + V−

La · I+
ga (22)

V0∗ · I+
gb = Vgb · I−gb + V0 ′ · I−gb

+ V+
Lb · I−gb + V−

Lb · I+
gb (23)

V0∗ · I+
gc = Vgc · I−gc + V0 ′ · I−gc

+ V+
Lc · I−gc + V−

Lc · I+
gc . (24)

The amplitude I−g and phase angle −δ of the negative se-
quence grid current vectors can thus be solved analytically.

The current imbalance can be described by the imbalance
factor η defined in [24] as

η =
I−g

I+
g

. (25)

The amplitude of the negative sequence grid currents I−g
should be much smaller compared to that of the positive se-
quence grid currents I+

g . Vectors I−ga , I−gb , I−gc and V−
La , V−

Lb ,
V−

Lc are therefore exaggerated in Fig. 10 to enable clear demon-
stration. Excessive injection of negative sequence currents into
the grid is forbidden by most grid codes [25], because they
contribute to supply voltage imbalance.

The imbalance factor η due to the approximation of (21) is
plotted in Fig. 11, with an average power generation ratio λ̄ of
0.8619

(
0.1 ≤ V 0/V + ≤ 0.15, 0 ≤ θ < 360◦

)
. The converter

parameters used are listed in Table II. It is observed that η is
negligibly small (<1.2%) for the case under study.
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Fig. 11. Imbalance factor η of SOZSI with different power imbalance cases(
0.1 ≤ V 0 /V + ≤ 0.15, 0 ≤ θ < 360◦

)
.

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
Cascaded PV Modules per String 55
Paralleled Strings per H-Bridge 311

V. SIMULATION RESULTS

The parameters of the simulated three-phase, seven-level
CHB converter are listed in Table II. The capacitor voltage
of each H-bridge was regulated to be constant at 2200 V with
a capacitance value of 10 mF. With three series bridges in each
phase, the converter is able to connect to the 6.6 kV distribution
network directly, without a line-frequency power transformer.
In real applications the capacitor voltage could be lower if more
H-bridges were introduced. The multilevel waveform synthesis
allows the switching frequency to be as low as 600 Hz, thus
greatly reducing the switching loss. An individual PV mod-
ule (BP365) reaches a nominal peak power output of 65 W at
1000 W/m2 and 25 ◦C. Each H-bridge is fed by 55 × 311 mod-
ules with a total nominal peak output power of 1.11 MW (see
Table III).

The dc-side capacitor voltages vdc of the CHB converter are
regulated by the VOC [see Fig. 12(a)]. The zero sequence v0 ,
which is the focus of this paper, was generated based on the
three-phase power generation ratios λa , λb and λc by FFZSI,
OZSI or SOZSI. The converter output voltage references va ,
vb and vc were finally obtained by adding v0 to the positive
sequence component v+

a , v+
b and v+

c .
The power reference of each bridge pij (i = a, b, c, j = 1,

2, 3) is obtained by comparing the measured capacitor voltage
vdc(ij ) (i = a, b, c, j = 1, 2, 3) with the command reference v∗

dc
[see Fig. 12(b)]. In this paper, v∗

dc is equal for each bridge and
remains constant despite of the power variation. Hence, a stan-
dard multilevel waveform with an equal and constant voltage
step can be achieved. The three-phase overall power reference

Fig. 12. Control implementation. (a) VOC of the CHB converter; (b) obtaining
the power references; (c) regulation of the dc–dc converter.

p is obtained by summing the power references of the nine
bridges

∑c
i=a

∑3
j=1 vdc(ij ) . Similarly, the phase power refer-

ences pi (i = a, b, c) are obtained by summing the power refer-
ences of the three bridge in the phase

∑3
j=1 vdc(ij ) (i = a, b, c),

and the power generation ratios λa , λb , λc can be calculated (1).
The regulation of the dc–dc converter [see Fig. 12(c)] is de-

coupled from the VOC of the CHB converter, because the dc-
side capacitor voltages vdc are constant. By regulating the PV
output voltage vpv to the command reference v∗

pv, the dc–dc
converter tracks the maximum power point of the PV array.

A. Case I (λa = 1, λb = 0.7929, λc = 0.7929)

It was assumed that the irradiance of the PV modules of
phases b and c decreases from 1000 to 800 W/m2 , corresponding
to 79.29% of their nominal power, whereas the irradiance of
phase a remains at 1000 W/m2 . This case corresponds to Point
A (V 0/V + = 0.15, θ = 0◦) in Fig. 7 with an angle difference
β − γ of 3.6◦.

In this case, three-phase balanced grid currents can be pro-
vided with FFZSI as well as OZSI and SOZSI (see Fig. 13).
The converter output voltages feature seven-level waveforms as
expected, and the measured grid currents imbalance and har-
monic distortion are listed in Table IV.
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Fig. 13. Simulation results of converter output voltages va , vb , vc and grid
currents ig a , ig b , ig c of unbalanced operation Case I with (a) FFZSI, (b) OZSI,
(c) SOZSI.

TABLE IV
CURRENT IMBALANCE AND DISTORTION (CASE I)

Methods Imbalance Ratio η Distortion
THD (ig a ) THD (ig b ) THD (ig c )

FFZSI 0.03% 0.56% 0.66% 0.68%
OZSI 0.02% 0.86% 0.70% 0.66%
SOZSI 1.03% 0.87% 0.74% 0.72%

The converter output voltage waveforms of OZSI and SOZSI
illustrate that the power devices continue to switch on and off
as usual, and no significant harmonic increase can be observed,
which differentiates the proposed methods from discontinuous
modulation.

B. Case II (λa = 1, λb = 0.5862, λc = 0.5862)

In this case, it was assumed that the irradiance of the PV
modules of phases b and c falls further from 800 to 600 W/m2 ,
corresponding to 58.62% of their nominal power, whereas the
irradiance of phase a remains at 1000 W/m2 .

The grid currents and converter output voltages with the con-
ventional FFZSI are shown in Fig. 14(a), where obvious imbal-
ance and harmonic distortion can be observed. The converter
fails to provide balanced grid currents to meet the grid code,
because this power imbalance case is beyond the capability of
FFZSI. However, OZSI and SOZSI, shown in Fig. 14(b) and (c),
respectively, are able to deal with the power imbalance. Both
OZSI and SOZSI make best use of the available dc-side capaci-
tor voltage to avoid converter saturation. Three-phase balanced
grid currents are thus guaranteed.

The results in Tables IV and V show that SOZSI generates a
higher imbalance ratio than OZSI, as expected. Therefore, use
of the simplified method is limited to applications where a small
amount of negative sequence can be tolerated.

VI. EXPERIMENTAL RESULTS

Fig. 15 shows the 9-kW three-phase, seven-level CHB con-
verter designed, constructed and tested in the laboratory to verify
the effectiveness of the presented methods.

The prototype was fed by nine isolated Ametek Elgar Ter-
raSAS PV simulators, each rated at 600 V and 8 A and loaded
with the characteristic profile of the GE PVp-200-M (54 cells)
PV module. In this experiment, each simulator was programmed
to imitate the output characteristics of a string with five PV
modules in series. A nominal peak power output of 1002.85 W
(134.75 V and 7.442 A) was thus expected for each bridge at
1000 W/m2 and 25 ◦C. With a total of nine bridges, the con-
verter delivers a nominal power of 9 kW into the grid. Nine APS
Powerex IGBT H-bridge modules (PP75B060) rated at 600 V
and 75 A were used to construct the three-phase seven-level
converter.

The capacitor voltage was fixed at 135 V, which tracks the
maximum power point at 1000 W/m2 and 25 ◦C. The dc–dc
conversion stage, which is necessary in field applications, is not
included in the setup. The CHB converter is still regulated by
VOC, and vdc remains constant. Without dc–dc converters, the
variation of the maximum power point, owing to irradiance or
temperature changes, cannot be always tracked. However, this
does not affect the purpose of this paper, which is to demonstrate
zero sequence injection methods, as long as the interphase power
imbalance is created. Each module comes with electrolytic ca-
pacitors with a capacitance value of 18 mF, which corresponds
to a unit capacitance constant H of 164 ms at 135 V [26].

The control strategy was implemented in a dSPACE DS1006
platform with onboard Xilinx FPGA modules operating at
100 MHz to ensure real time PWM generation. The carrier
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Fig. 14. Simulation results of converter output voltages va , vb , vc and grid
currents ig a , ig b , ig c of unbalanced operation Case II with (a) FFZSI, (b) OZSI,
(c) SOZSI.

TABLE V
CURRENT IMBALANCE AND DISTORTION (CASE II)

Methods Imbalance Ratio η Distortion
THD (ig a ) THD (ig b ) THD (ig c )

FFZSI N/A 12.33% 5.01% 8.78%
OZSI 0.05% 1.07% 0.94% 0.91%
SOZSI 0.70% 0.76% 0.90% 0.94%

Fig. 15. Experimental setup: (a) schematic diagram and (b) hardware image.

frequency of the phase-shifted (PS) PWM was chosen to be
600 Hz, representing a switching frequency practical for real ap-
plications. Since three H-bridges are cascaded in one phase leg,
the converter output phase voltages feature seven-level wave-
forms with an equivalent switching frequency of 3.6 kHz. Fi-
nally, the prototype was connected to the 430-V three-phase
utility grid via three-phase filtering inductors (8 mH per phase).

Fig. 16(a) shows the experimental results under balanced
power generation when all PV strings are subject to 1000 W/m2

and 25 ◦C. The converter output voltages feature seven-level
synthesized waveforms as expected, and grid currents are sym-
metrical with limited harmonics.

The solar irradiance level was decreased from 1000 to
700 W/m2 in phase a, corresponding to approximately 70%
of its peak power. The irradiance levels in the simulators of
phases b and c remained at 1000 W/m2 . Fig. 16(b) shows the
results with FFZSI. Three-phase grid currents are unbalanced
and distorted, because the power imbalance is beyond the bal-
ance capability of the converter and saturation occurs. However,
the proposed OZSI and SOZSI are still able to provide three-
phase balanced grid currents, as shown in Fig. 17. The superior
power balance performance of the presented methods is thus
confirmed. A ramp response from (λa = 1, λb = 1, λc = 1) to
(λa ≈ 0.7, λb ≈ 0.8, λc ≈ 0.8) (ramp time t = 1 s) is shown in
Fig. 18, which confirms the dynamic performance of the pro-
posed OZSI.

Table VI summarizes the grid current imbalance ratios with
different methods. It can be seen that under balanced power
generation, the converter injects negative sequence currents into
the grid, with an amplitude of 0.82% of the amplitude of the
positive sequence currents. This can be explained by the fact
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Fig. 16. Experimental results of converter output voltages and grid currents
of (a) balanced operation, (b) unbalanced operation with FFZSI. CH1: converter
output voltage of phase a va ; CH2: grid current of phase a ig a ; CH3: converter
output voltage of phase b vb ; CH4: grid current of phase b ig b ; CH5: converter
output voltage of phase c vc ; CH6: grid current of phase c ig c . CH1, CH3, CH5:
250 V/div; CH2, CH4, CH6: 10 A/div.

that the 430 V power grid in the authors’ laboratory is not ideal,
with an imbalance ratio of 0.16%. The inductance asymmetry
of three-phase inductors and other imperfect devices may also
contribute to the increase of negative sequence currents. The
simplified method features a slightly higher imbalance ratio,
because of the approximation made in the derivation, which
agrees well with the simulation results.

The zero sequence injections of FFZSI, OZSI and SOZSI are
demonstrated in Fig. 19. It once more confirms that all three
methods share the identical fundamental frequency component,
which is crucial to the interphase power balance.

VII. CONCLUSION

Injection of a zero sequence into the converter output volt-
ages is necessary in order to deal with interphase power imbal-
ance in CHB PV converters. An OZSI proposed in this paper
extends the power balance range of the converter by making
full use of the available voltage overhead. As a result, three-
phase balanced grid currents can be guaranteed even with se-
vere power imbalance. A SOZSI has also been developed. It re-
duces the calculation effort at the cost of additional negative se-

Fig. 17. Experimental results of converter output voltages and grid currents of
unbalanced operation with (a) OZSI, (b) SOZSI. CH1: converter output voltage
of phase a va ; CH2: grid current of phase a ig a ; CH3: converter output voltage
of phase b vb ; CH4: grid current of phase b ig b ; CH5: converter output voltage
of phase c vc ; CH6: grid current of phase c ig c . CH1, CH3, CH5: 250 V/div;
CH2, CH4, CH6: 10 A/div.

quence grid currents, owing to the injection of an inaccurate zero
sequence introduced by the approximation. The amount of neg-
ative sequence currents with SOZSI is limited, while the itera-
tion with OZSI features very rapid convergence. Simulation and
experimental results from a three-phase seven-level laboratory
prototype have been provided to validate the feasibility of the
proposed methods.

APPENDIX

This Appendix is devoted to the comparison of two numeri-
cal methods: the fixed point iteration and Steffensen’s method,
demonstrating the necessity of introducing Steffensen’s method
and its rapid convergence. The parameters of the analyzed con-
verter are listed in Table II. It is assumed that both phases b
and c generate 79.29% of the single-phase nominal power,
whereas phase a produces full power (the same as simulation
Case I)

λa = 1 λb = 0.7929 λc = 0.7929. (26)

Based on the operation point, other parameters can be calcu-
lated and are listed in Table VII. γ is used as the initial value to
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Fig. 18. Dynamic performance of grid currents of unbalanced operation with
OZSI. CH2: grid current of phase a ig a ; CH4: grid current of phase b ig b ; CH6:
grid current of phase c ig c . CH2, CH4, CH6: 10 A/div.

TABLE VI
CURRENT IMBALANCE AND DISTORTION (EXPERIMENT)

Operation Methods Imbalance Ratio η Distortion
THD (ig a ) THD (ig b ) THD (ig c )

Balanced N/A 0.82% 0.86% 0.85% 0.83%
Unbalanced OZSI 0.83% 0.97% 0.94% 0.91%

SOZSI 1.00% 0.99% 1.02% 0.89%

Fig. 19. Experimentally measured zero sequence injections of FFZSI, OZSI
and SOZSI.

solve β by iteration. Results based on fixed point iteration and
Steffensen’s method are compared in Table VIII. These results
demonstrate that fixed point iteration results in a value lying
outside Segment V under discussion [see Fig. 5(d)], after 12
iterations

β12 = 218.8182◦ < 240◦ − α = 222.7◦ (27)

and it fails to converge. Steffensen’s method, however, en-
sures the convergence and is able to reach a negligible error
(|ε| < 0.01%) with two iterations.

TABLE VII
OTHER CONVERTER PARAMETERS

Parameters Ig V + V 0 α θ γ

Values 754 A 3990 V 610 V 17.3◦ 0◦ 270◦

TABLE VIII
COMPARISON OF THE FIXED POINT ITERATION AND STEFFENSEN’S METHOD

Iteration Times β Fixed Point Iteration Steffensen’s Method

Initialization γ 270.0000◦ 270.0000◦

1 β1 268.8842◦ 274.0151◦

2 β2 267.4584◦ 273.5758◦

3 β3 265.6594◦ 273.5688◦

4 β4 263.4229◦ 273.5688◦

.

.

.
.
.
.

.

.

.
.
.
.

12 β1 2 218.8182◦ 273.5688◦
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