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Abstract—The multi-inverter-based configuration is usually
adopted in the renewable energy source grid-connected generation
system (RES-GGS) to obtain a wide operational range and
independent output power control of the renewable energy sources
(RESs). The complicated configuration inevitably reduces the
European efficiency. This paper proposes a multi-topology-mode
inverter suitable for RES-GGS, which possesses five equivalent
topology modes. When the output voltage and power of the RESs
increase gradually, the system transforms its actual topology mode
from the complicated ones to the simpler ones to increase the
European efficiency. Furthermore, a system-level control strategy
that can achieve the independent generation power control of
each RES and the grid current closed-loop control is proposed.
By online transforming the system among the five topology
modes, the characteristics of wide operational range, independent
output power control of each RES and high European efficiency
are all achieved. The detailed experimental results verify the
feasibility and advantages of the proposed multi-topology-mode
grid-connected inverter.

Index Terms—Improvement of comprehensive performance,
independent power control, multi-topology-mode grid-connected
inverter, renewable energy source (RES) generation.

I. INTRODUCTION

DUE to the challenge of the energy shortage and environ-
mental pollution and because of its advantages of con-

suming no fossil fuels, infinite reserves, and harmlessness for
the environment, the renewable energy source grid-connected
generation system (RES-GGS) has attracted more and more at-
tention [1]–[3]. At present, the initial investment cost of the
RES-GGS is still high and the competitive edge of the RES-
GGS is reduced. Therefore, how to enhance the power extrac-
tion ability and increase the utilization rate of the RES is a key
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Fig. 1. Three kinds of distributed power electronics solutions for RES-GGS
with independent power control ability. (a) DC optimizer; (b) single-stage
cascaded multilevel inverter; and (c) two-stage cascaded multilevel inverter.

issue in the RES-GGS. The solution is helpful to shorten the
payback period and the competition of the RES-GGS will be
enhanced significantly.

When the output voltages and power of the typical RESs
vary in a wide range, in order to transmit continuously the
generation power of the RESs to the grid, the power electronics
based grid-connected inverter (GCI) are usually integrated with
RESs to form an RES-GGS [4]–[6]. The routes of increasing
the utilization rate of the RESs based on the RES-GGSs mainly
include the following three aspects:

1) A wide operational range is required for the GCI to in-
crease the power extraction from the RESs. Two require-
ments should be satisfied if the operational range of the
system is widened. The first one is to keep the equivalent
dc-bus voltage of the GCI larger than the amplitude of
the grid voltage in the entire operational range, and the
second one is that the total harmonics distortion (THD) of
the grid current should meet the specific grid-connected
standard in the entire operational range [7], [8].

2) Considering that a large number of distributed RESs are
usually integrated together in the RES-GGSs to increase
the total output power, the GCI should have the ability
of the independent output power control of each RES to
enhance the generation power of the [9]–[11].

3) The improvement of the operational efficiency in the entire
operational range, which is defined as European Efficiency
or California Efficiency needs to be considered [12], [13].

Up to now, the following several classical topologies pos-
sessing the functions of the independent output power control
of the RESs and wide operational range are usually used in the

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.



3624 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 5, MAY 2017

RES-GGS. The first one is shown in Fig. 1(a) and named as dc
optimizer, in which each RES is connected with a specific dc–dc
converter and the output of these converters are connected in se-
ries to increase the total dc-bus voltage [11]. The output power
of each RES can be independently controlled by independently
tuning the power of each dc–dc converter. The second one is
the classical cascaded multilevel topology shown in Fig. 1(b)
[14]. The output voltage of the multilevel inverter is a multilevel
waveform and only a small filter inductance can make the grid
current THD meet the grid-connected standard. Furthermore,
the independent output power control of the RESs is achieved
by independently tuning the amplitudes and phase angles of the
output voltages of the each dc–ac inverter contained in the mul-
tilevel inverter. The last one is the two-stage cascaded multilevel
inverter shown in Fig. 1(c) [15], [16]. On the one hand, the ad-
vantage of the multilevel inverter is retained, and on the other
hand, the introduction of the dc–dc inverter widens the gen-
eration range of the RESs and achieve the independent output
power control of the RESs.

Although the topologies mentioned above are complicated,
the ability of the independent power control of each RES and
wide operational range enhances the generation power extrac-
tion of the RESs and they have a high practical value in the field
of RES-GGS. However, because all of the power switches in
these topologies are always under operating state, the system
losses are large and the operational efficiency will be reduced,
especially the European efficiency. Therefore, it is very diffi-
cult to achieve simultaneously the functions of wide operational
range, independent power control of each RES and high Euro-
pean efficiency in these topologies.

In this paper, considering the characteristics of the RESs that
their output voltages and power increase with the increase of the
wind, irradiance and ambient temperature, a multi-topology-
mode GCI (MTM-GCI) with five equivalent topology modes
is proposed to improve the comprehensive performance of
RES-GGS. The loss models and grid current THD expressions
of each topology mode are derived, and the optimal operational
ranges of each topology mode are accordingly obtained.
Furthermore, a system-level control strategy for the proposed
MTM-GCI, which can realize the independent generation
power control of each RES and grid current closed-loop control
in each topology mode, is proposed. Taking the condition
of the grid current THD meeting the specific grid-connected
standard as the requirement, when the output voltages and
power of the RESs increase gradually, the system transforms
its topology mode from the complicated one to the simpler
one to increase the operational efficiency. Thus, the system
will possesses simultaneously the characteristics of the wide
operational range, the independent power control of the RESs
and the high European efficiency and relatively small ac-side
filter inductance. Finally, the proposed topology is compared
in detail with the two topologies shown in Fig. 1(a) and (c) to
highlight the advantages of the proposed one.

II. PROPOSED MULTI-TOPOLOGY-MODE GCI

The structure of the proposed MTM-GCI is shown in Fig. 2.
A boost type dc–dc converter is connected in series with an

Fig. 2. Schematic of proposed multi-topology-mode GCI.

H-bridge dc–ac inverter (HBI) to constitute a basic conversion
unit. Two basic conversion units are cascaded to form the
standard two-stage cascaded multilevel inverter (TCMI).
Introducing the dc–dc converter not only improves the dc-bus
voltage to extend the operational range but also realizes the
independent power control of each RES.

A bidirectional switch Scon is added into the TCMI to connect
the negative terminals of the two basic conversion units. Then the
connection of the two basic conversion units can be transformed
between the cascaded mode and equivalent single HBI mode
and accordingly, the proposed MTM-GCI is able to deduce five
topology modes by adjusting the states of the power switches.
When Scon is off, the inverter is a TCMI as shown in Fig. 3(a).
The two dc–dc converters are under operating state to obtain
the widest operational range of the system. Furthermore, when
one of the dc–dc converters shuts down, the inverter becomes
a hybrid cascaded multilevel inverter (HYCMI) as shown in
Fig. 3(b). When both of the dc–dc converters shut down, the
inverter becomes a cascaded multilevel inverter (CMI) as shown
in Fig. 3(c).

When S12 and S24 are turned off, while S13 , S21 , and Scon
are turned on, the positive terminals of the two dc buses are con-
nected together through S13 and S21 , and the negative terminals
are connected together through Scon . The connection relation-
ship of the two base conversion units is transformed from series
to parallel and S11 , S14 , S23 , and S22 make up an H-bridge in-
verter. After that when both of the dc–dc converters work, the
inverter becomes a two-stage H-bridge inverter (THBI) and the
simplified version is shown in Fig. 3(d). In theory, the opera-
tional range of THBI mode is very wide. However, limited by
the actual boost voltage ratio of the dc–dc converter, the oper-
ational range of the THBI mode is smaller than that of TCMI
mode. When one of the dc–dc converters shuts down, the inverter
becomes a hybrid H-bridge inverter (HYHBI) and the simpli-
fied version shown in Fig. 3(e). Compared with the above three
CMI-type topology modes, the number of the power switches
under switching state of the two HBI-type topology modes is
significantly reduced and the switching loss of the inverter will
be reduced accordingly.
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Fig. 3. Various equivalent topology modes of proposed MTM-GCI. (a) TCMI,
(b) HYCMI, (c) CMI, (d) THBI, and (e) HYHBI.

III. DERIVATION OF POWER LOSSES, CURRENT THDS, AND

OPERATIONAL RANGES OF FIVE TOPOLOGY MODES

It can be roughly inferred from the description above that
because there are some difference between the structures of
the five topology modes, the operational ranges, efficiency, and
power quality of them will be different as well. So when the
output voltage and power of the RESs vary in a wide range,
by arranging a proper sequence of the five topology modes, the
advantages of these topology modes will be fully utilized. Then
the excellent comprehensive performance of the system in the
entire operational range, including a wide operational range,
independent power control of each RES and high European
efficiency, can be simultaneously achieved. The expressions of
the losses and grid current THDs of the five topology modes
are derived later. Then the optimal operational range of each
topology mode can be determined according to the theoretical
analysis results.

A. Loss Models of the Five Topology Modes

Since each topology mode can be regarded as the combination
of the dc–dc converters with the CMI or HBI, the linearized loss
models of the dc–dc converters, CMI and HBI are respectively
derived first. Then the loss models of each topology mode can
be obtained according to the actual number of contained dc–dc
converter and CMI or HBI. Because the ac filter inductor is a
common component in all of the topology modes and to simplify
the analysis, the loss of the ac filter inductor is not modeled.

The conduction and switching losses of the power switches
and the loss of the dc inductor of the dc–dc converter are con-
sidered first. The instantaneous conduction losses of the IGBTs
and diodes can be expressed linearly as [17]

Pcon IGBT = UceIiflow = (UceoI + RonIiflow ) iflow (1)

Pcon diode = UF iflow = (UFOD + RonD iflow ) iflow (2)

where UceoI and RonI , UFOD and RonD are the conduction sat-
uration voltage drop and conduction-state resistance of IGBT
and diode, respectively. iflow is the current flowing through the
power switch.

Neglecting the inductor current ripple, the conduction loss of
the power switches of the dc–dc converter during one switching
period can be expressed as

Pcon dc = (UceoI + RonIIin )Iind + (UFOD + RonD Iin )Iin (1 − d)
(3)

where Iin is the dc average current flowing through the power
switch, d and Tsdc are the switch duty ratio and switching period
of the dc–dc converter, respectively.

The switching loss of the dc–dc converter is analyzed as
follows. It can be known from the principle of the boost converter
that during any switching cycle, one IGBT is turned off and one
IGBT is turned on, while one diode is turned off. The average
switching loss of the dc–dc converter during one switching cycle
can be obtained by dividing the switching loss energy during
one switching cycle by the switching period and expressed as

Psw dc =
Ets1

Tsdc

Iin

Ico

Uin

Uceo
(4)
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where Ets1 is the rated total switching loss energy of IGBT and
diode. Uceo and Ico are the rated turn-off voltage across the IGBT
and the rated current flowing through the IGBT, respectively. Uin

is the dc input voltage of the dc–dc converter. Ets1 can be read
from the loss curves provided by the datasheet of the actual
IGBT with specific Ico and Uceo.

The dc filter inductor loss is derived as follows. The filter
inductor loss is composed of the copper loss and the high-
frequency iron loss. The copper loss can be expressed as

Pcop L = RLI2
in (5)

where RL is the copper resistor of the dc filter inductor.
It is indicated by [18] that the high-frequency iron loss of

the inductor is directly related to the high-frequency magnetic
flux ripple peak ΔB. To simplify the analysis, the specific loss
of the core material is expressed as a quadratic function of the
root-mean-square (rms) value of ΔB. Furthermore, the high-
frequency iron loss during one switching cycle can be calculated
by multiplying the specific loss of the inductor by the volume
of the filter inductor and expressed as

Ph L =
VolL
Tsdc

(aΔB2
rms + bΔBrms + c)

=
VolL
Tsdc

[
a

(
TsdcUind

2
√

3NAe

)2

+ b
TsdcUind

2
√

3NAe

+ c

]
(6)

where VolL ,N and Ae is the volume, the number of the turns of
the inductor coil and the iron sectional area of the inductor core,
respectively. a, b, and c are the fitting parameters and determined
by the actual specific loss curve of the core material. ΔBrms is
the rms value of ΔB.

In the following, the losses of the CMI and HBI are analyzed.
A reusable modulation strategy suitable for the CMI and HBI is
introduced and shown in Fig. 4 [19]. For CMI, the conventional
CPS-SPWM is used [20]. Four carrier waves Tr1 − Tr4 and
modulation wave ur are set to obtain the control signals of
the power switches. In order to reduce the occupation of the
controller resource, the control signals of the HBI are obtained
by comparing ur with Tr1 and Tr2 .

To save the page space, the detailed modeling process of
the conduction loss of CMI is not shown here. The final total
average conduction losses of IGBTs and diodes of CMI during
one fundamental cycle are expressed as

p̄con CMI =
(

4
π

+ M

)
UceoIIm +

(
1 +

8M

3π

)
RonII

2
m

+
(

4
π
− M

)
UFODIm +

(
1 − 8M

3π

)
RonDI2

m (7)

where Em and ω are the amplitude and frequency of the grid
voltage, respectively. Im is the amplitude of the grid current.

M =
√

E2
m + (ωLIm )2/(2Udc) is the amplitude modulation

ratio of CMI and L is the ac-side filter inductance. Udc is the
dc-bus voltage of the basic conversion unit.

As seen from Fig. 4, during any switching cycle, one IGBT
and one diode are turned off and one IGBT and one diode is
turned on. The total average switching loss of CMI during one

Fig. 4. Schematic of reusable SPWM strategy for the MTM-GCI.

fundamental cycle is calculated as

Psw CMI =
2
π

fs

∫ π
2

0
Etsd (ωt) =

8
π

fcEts1
Im

Ico

Udc

Uceo
(8)

where fs is the switching frequency and fc is the
carrier frequency.

The average conduction losses of the power switches of HBI
during one fundamental cycle are expressed as

p̄con HBI =
(

4
π

+
M

2

)
VceoIIm +

(
1 +

2M

3π

)
RonII

2
m

+
(

5
π
− 7M

4

)
VFODIm +

(
5
4
− 16M

3π

)
RonDI2

m .

(9)

The total average switching losses of HBI during one funda-
mental period can be calculated as

Psw HBI =
4
π

fcEts1
Im

Ico

Udc

Uceo
. (10)

The total losses of various topology modes are finally ob-
tained as follows according to the principle of these topology
modes and the aforementioned loss expressions of the dc–dc
converter, CMI, and HBI.

TCMI contains two dc–dc converters and CMI. Then the total
loss of TCMI can be expressed as

PTCMI = 2 (Pcon dc + Psw dc + Pcop L + Ph L)

+ p̄con CMI + Psw CMI. (11)
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HYCMI contains one dc–dc converter and CMI. Then the
total loss of HYCMI can be expressed as

PHYCMI = Pcon dc + Psw dc + Pcop L + Ph L

+ p̄con CMI + Psw CMI. (12)

The total loss of CMI can be expressed as

PCMI = p̄con CMI + Psw CMI. (13)

THBI contains two dc–dc converters and HBI. Then the total
loss of THBI can be expressed as

PTHBI = 2 (Pcon dc + Psw dc + Pcop L + Ph L)

+ p̄con HBI + Psw HBI. (14)

HYHBI contains one dc–dc converter and HBI. Then the total
loss of HYHBI can be expressed as

PHYHBI = Pcon dc + Psw dc + Pcop L + Ph L

+ p̄con HBI + Psw HBI. (15)

B. Grid Current THDs

The relationship between the current THD and current ripples
can be expressed as [7], [8]

THD =
√

I2
2 + I2

3 + I2
4 + I2

5 + · · ·/I1 ≈ ΔIrms/I1 (16)

where I1 and Ii (i = 2, 3, . . .) are the rms value of the funda-
mental and each harmonic component of the grid current. ΔIrms

is the rms value of the actual grid current ripple.
For the CMI, when M > 0.5, the rms value of the current

ripple during one fundamental period is calculated as

Δirm s1 =
1

4fc

√
1

3πL2 .

√√√√√√√√√√√

√
4M 2 − 1

⎛
⎝− 4

3 E2
m − 1

24
E 2

m
M 2 − 8

3 UdcEm M

− 1
3M

UdcEm − 13
2 U 2

dc

⎞
⎠ − 16

3 UdcEm M 2

− (
6U 2

dcM
2 + 8UdcEm M + 1

2 E2
m + 4U 2

dc

)
arcsin 1

2M

+π
(

3
4 E2

m M 2 + 4U 2
dcM

2 + 4UdcEm M + 1
4 E2

m + 2U 2
dc

)
.

(17)

When M ≤ 0.5, the rms value of the current ripple during one
fundamental period is

Δirms2 =
1

2fc

√
M 2

6πL2

(
3
16

πE2
m +

1
4
πU 2

dc −
4
3
UdcEm

)
.

(18)
As for the HBI, the rms value of the current ripple during one

fundamental cycle is calculated as

Δirms HBI =
1
fc

√
M 2

6πL2

(
3
16

πE2
m +

π

4
U 2

dc −
4
3
UdcEm

)
.

(19)
Then the current THDs of CMI and HBI can be obtained by

substituting (17)–(19) into (16).

TABLE I
DATA OF PARAMETERS OF GCI, DC SUPPLY SOURCES, AND GRID

Parameter Value Parameter Value

U in1, U in2 100–500 V I in1, I in2 10 A
Em 311 V fsdc 10 kHz
ω 314 rad/s Lin 1 , Lin 2 , L 1.5 mH
Udc1, Udc2 500 V fc 5 kHz
UceoI 0.6 V RonI 0.005 Ω
UFOD 0.7 V RonD 0.0044 Ω
V OLL 3150 cm3 E ts 14.9 mJ
Ico 200 A Uceo 300 V
RL 0.017 Ω Ae 105 cm2

N 50 a 0.00015
b 0.0000075 c 0.00000025

C. Comparison and Determination of Optimal Operational
Ranges of Various Topology Modes

In this part, the losses and grid current THDs of the five topol-
ogy modes are compared with each other in detail. Then when
the output voltage and power of the RESs vary in a wide range,
the respective operational ranges of the five topology modes can
be determined according to the comparison results and the com-
prehensive performance of the entire system can be improved.
According to the earlier analysis, the actual power switch and
filter inductor are chosen and the corresponding parameters can
be determined. The curves of the losses, operational efficiencies
and grid current THDs of the five topology modes with respect
to the variation of the output voltage and power of the RESs
can be drawn according to the aforementioned expressions and
the determined values of various parameters. As a comparison,
the curves of the standard one-stage HBI are also drawn. The
Infineon IGBT FF200R06KE3 is selected as the power switch
of the inverter. Then the parameters (125°C) in the former loss
expressions are determined according to the datasheet of the
IGBT and listed in Table I. The parameters of the GCI and the
grid are also listed in it.

To simplify the analysis, the output currents of the RESs keep
constant. The grid current amplitude can be calculated accord-
ing to the power balance of the dc side and ac side. For TCMI,
CMI, THBI and HBI, the reference value of the dc-bus voltage is
500 V and the output voltages of the two RESs vary simultane-
ously from 100 to 500 V. For HYCMI and HYHBI, the charac-
teristics of the RES connected to the dc–dc converter under the
working state is consistent with the aforementioned situations,
while the output voltage of the other RES keeps at a constant of
500 V.

The corresponding curves are shown in Fig. 5. It can be
inferred that the operational ranges, losses, efficiencies and cur-
rent THDs of the five topology modes are different from each
other. For the loss, the order corresponding to the same dc sup-
ple sources voltage Uin1 can be approximately described from
large to small as

TCMI > HYCMI > CMI > THBI > HYHBI > HBI.

The order of the efficiency is on the contrary. As for the grid
current THD, the order corresponding to a constant Uin1 can be
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Fig. 5. Distribution curves of various parameters of various topology modes.
(a) Total loss. (b) Efficiency. (c) Current THD.

approximately described from large to small as

THBI = HYHBI > HBI > TCMI > HYCMI > CMI.

It can be known from the earlier analysis that within the
entire operational range, each topology mode possesses its own
superiority in terms of the operational range, grid current THD
and operational efficiency relative to other topology modes. For
example, the loss of HBI is the smallest, while the grid current
THD is the biggest and the operational range is the narrowest.
The loss of TCMI is the biggest, while its operational range
is the widest. The grid current THDs of TCMI, HYCMI and
CMI modes are generally smaller than those of THBI, HYHBI,
and HBI modes. So when the output voltage and power of the
two RESs vary in a wide range, the optimal comprehensive
performance of the proposed MTM-GCI can be achieved by
arranging a proper working sequence of the five topology modes
according to the actual output voltage and power of the RESs.

The paper aims to achieve the excellent comprehensive per-
formance of the GCI, such as the wide generation range of the
RES, independent output power control of each RES, small ac-
side filter inductance and high European efficiency. Meanwhile,
the grid current THD is always smaller than the specific grid-
connected standard in the entire operational range. The reason
that the comprehensive performance of the GCI is improved by
transforming the topology modes is illustrated later. It is well
known that the output voltage and power of the RESs will vary
in a wide range with the variation of the wind, irradiance and
ambient temperature. It can be seen from Fig. 5(c) that when
the output voltage and power of the RESs increase gradually,
the grid current THDs of the five topology modes will decrease
gradually as well. So when the output voltage and power of the
RESs are small, the TCMI mode, which possesses the character-
istics of the highest equivalent dc-bus voltage and the smallest
grid current THD, is set as the actual topology of the system

Fig. 6. Distribution curves of TCMI and THBI corresponding to dc-bus
voltage. (a) Total loss. (b) Current THD.

to achieve the widest operational range and reduce the ac-side
filter inductance. When the output voltage and power of the
RESs increase gradually, the equivalent dc-bus voltages of all
of the topology modes will increase and the grid current THD
of them will decrease. Then the topology mode of the system
can be transformed into the simpler one and the constraint of
the dc-bus voltage larger than the grid voltage amplitude (called
grid-connected voltage requirement in this paper) is still satis-
fied and the European efficiency will be increased accordingly.

As the dc-bus voltage adopted in the earlier analysis has en-
sured that it is always larger than the grid voltage amplitude in
the entire operational range, the function of TCMI and HYCMI
cannot be fully embodied. Therefore, the loss and grid current
THD curves of TCMI and THBI with respect to the dc-bus volt-
age with the constant output current and voltage of the RESs are
drawn and shown in Fig. 6. It can be seen from Fig. 6 that both
the losses and grid current THDs of the two topology modes in-
crease as the dc-bus voltage increases. It means that the dc-bus
voltage reference should be selected as low as possible to re-
duce the loss and grid current THD. The actual reference value
of the dc-bus voltage can be easily determined by the following
approach. The theoretical reference value of the dc-bus volt-
age is calculated first according to the voltage equation of the
GCI and then the actual reference one can be obtained through
multiplying a margin coefficient by the theoretical value.

According to the aforementioned analysis results, the selec-
tion rule of the optimal operational ranges of each topology
mode is obtained to improve the comprehensive performance of
the GCI. When the sum of the output voltage of these two RESs
is smaller than the amplitude of the grid voltage and in order
to extend the lowest level of the operational range, the inverter
works at TCMI mode, in which both of the dc–dc converters are
under working state. On the one hand, a larger boost dc voltage
ratio can be realized by the dc–dc converter and the generation
range of the RESs will be extent. On the other hand, when the
output voltage and power of the RES is small, working in TCMI
mode reduces the grid current THD so that only a small ac fil-
ter inductance is required to ensure the current THD meet the
specific standard.

When the output voltage of any RES is larger than the refer-
ence value of the dc-bus voltage, which is set slightly larger than
one half of the amplitude of the grid voltage, the corresponding
dc–dc converter shuts down to reduce the loss and the inverter
becomes HYCMI. When the output voltages of the two RESs
are larger than the reference of the dc-bus voltage, both of the
dc–dc converters shut down and the inverter becomes CMI. The
loss of the system will be further reduced.
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When the grid current THD of THBI meets the grid-connected
standard, the inverter is transformed into THBI mode. On the one
hand, the loss of the GCI can be reduced. On the other hand, the
independent power control of these two RESs is still realized. In
order to avoid the grid current spikes when transforming the CMI
mode into the THBI mode, the transformation of the topology
mode is done around the zero-crossing points of the reference
modulation wave ur . Since the GCI is usually controlled at
a unity power factor, the phase angle difference between the
output voltage of the inverter and the grid current is small.
Thus the grid current is also small around the zero-crossing
point of ur . Furthermore, the control signals should be manually
changed at the transformation point of the topology mode to
ensure that the system is under freewheeling state during the
topology transformation process.

After the system transforms into THBI mode, when the output
voltage of any RES is larger than the reference value of the dc-
bus voltage, the corresponding dc–dc converter shuts down to
reduce the loss and the other dc–dc converter keeps working to
ensure the independent power control of these two RESs. The
system operates under HYHBI mode accordingly.

IV. SYSTEM-LEVEL CONTROL STRATEGIES OF FIVE TOPOLOGY

MODES

The functions of the system-level control strategies mainly
include the following: 1) ensuring that the dc-bus voltage meets
the grid-connected voltage requirement; 2) maintaining inde-
pendent power control of each RES; and 3) closed-loop control-
ling of the grid current.

In order to realize the aforementioned functions in each topol-
ogy mode, the system-level control strategy is proposed in this
paper and described as follows.

A. Control Strategies of Three CMI-Type Topology Modes

The ac side structures of the three topology modes are the
same, so a common control strategy suitable for the three topol-
ogy modes is designed and the schematic is shown in Fig. 7(a),
where d1 and d2 are the duty ratios of the two dc–dc convert-
ers. To simplify the analysis, only the single closed-loop control
structure of the output voltage of the dc–dc converter is used.
The reference values of the output voltages of the two RESs are
obtained by the maximum power point tracking (MPPT) strat-
egy [14]. For the CMI, a double-modulation wave CPS-SPWM
is adopted based on the strategy shown in Fig. 4. The phase
angle of the two modulation waves ur1 and ur2 is identical
while their amplitudes are different. The purpose is to realize
the independent power control of the two RESs by regulating
the amplitudes of the two modulation waves. The control signals
of S11 , S14 and S12 , S13 are obtained by comparing ur1 with
Tr1 and Tr2 , and the control signals of S22 , S23 and S21 , S24
are obtained by comparing ur2 with Tr3 and Tr4 .

For TCMI, both of the dc–dc converters are in working state
to boost the two dc-bus voltages Udc1 and Udc2. The single
closed-loop control of the grid current based on a proportional–
resonant controller (PRC) is used in the system to realize a zero
steady-state error control of the grid current [21]. The output

Fig. 7. Schematics of system-level control strategies of MTM-GCI. (a) Three
CMI-type topology modes. (b) Two HBI-type topology modes.

of the PRC is set as the first modulation wave ur1 . The other
modulation wave ur2 is obtained by multiplying the sine value
of grid voltage phase angle θe and the output of the closed-loop
regulator of Udc2. The respective control signals of each dc–ac
inverter are obtained by inputting both of ur1 and ur2 into the
CPS-SPWM algorithm.

It can be seen from the system-level control strategy shown in
Fig. 7(a) that when the inverter is transformed from the TCMI
into HYCMI, if assuming that the first dc–dc converter shuts
down, only the control algorithm of the first dc–dc converter
is not performed while the other part of the control algorithm
is the same with the TCMI. Since the RES connected to the
stopped dc–dc converter is equivalent to directly connect to
the dc bus, the output voltage reference of the RES is set as the
dc-bus voltage reference to implement the MPPT control of the
RES, namely U ∗

dc1 = U ∗
in1. When the system is transformed into

CMI mode, the control algorithm of the two dc–dc converters
do not work and other parts of the control algorithm are the
same with the TCMI. To implement the MPPT control of the
RESs, U ∗

dc1 = U ∗
in1 and U ∗

dc2 = U ∗
in2 are set. It can be known

from the earlier analysis that the proposed system-level control
strategy can automatically and smoothly switch between the
three CMI-type topology modes.

B. Control Strategies of THBI and HYHBI

Because there is only one dc–ac inverter in the THBI and HY-
HBI modes, only one modulation wave is required. The control
strategies of the two topology modes are shown in Fig. 7(b). For
THBI, both of the dc–dc converters work under the closed-loop
control of the RES output voltages to realize the independent
power control of the two RESs. The control signals of vari-
ous power switches are obtained by inputting the modulation
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Fig. 8. Schematic of implementation platform of proposed MTM-GCI.

wave ur3 into the SPWM algorithm shown in Fig. 4. Utilizing
the strategies above realizes not only the independent output
power control of the RESs but also the stabilization of the dc-
bus voltage. When the output voltage of either RES is larger
than the dc-bus voltage reference, the corresponding dc–dc con-
verter shuts down and the dc-bus voltage reference is set as the
output voltage reference of the RES, while other control loops
remain unchanged. In this case, the system has automatically
switched into HYHBI mode. It can be known that the proposed
control strategy suitable for the THBI and HYHBI modes real-
ize the automatic and smooth transformation between the two
topology modes.

V. EXPERIMENTAL VERIFICATION OF MTM-GCI

The lab experimental prototype of the MTM-GCI is set up and
shown in Fig. 8. The experimental parameters are the same as the
ones in Table I. The coefficients of the two PI controllers of the
RES output voltages are set as KPuin = 0.02 and KIuin = 0.15.
The coefficients of the two PI controllers of the dc-bus voltages
are also set the same and KPudc = 0.1 and KIudc = 1.2. The
coefficients of the grid current PRC are set as KPac = 0.5 and
KRac = 7.5. The amplitude, frequency and phase angle of the
grid voltage are estimated by the single-phase enhanced phase-
locked loop (EPLL) presented in [22].

When the system operates in THBI mode, it should ensure that
the grid current THD < 5%. The grid current THD is calculated
from (16) and (19). When the grid current THD is less than 5%,
STHD = 1 is set and the signal is transported to FPGA. In this
case, the system is transformed into THBI mode. The reference
values of the dc-bus voltage of the three CMI-type topology
modes and two HBI-type topology modes can be, respectively,
calculated according to the voltage equations of the GCI.

In order to simulate the characteristics of the RESs with the
finite output power, two adjustable dc supply sources are set and
their output voltages meet the relationship of Ein1 =

√
3Ein2.

The output terminals of the two dc sources are connected with

the resistors of Rin1 = Rin2 = 1Ω. The relationship of the output
voltage references of the two RESs and the output voltages of
the dc sources are

U ∗
in1 = Ein1 − 10 U ∗

in2 = Ein2 − 10. (20)

The experiments results of the RES output voltages changing
from 50 to 400 V are obtained. The initial reference values of
the dc-bus voltages are set as U ∗

dc1 = U ∗
dc2 = 170 V to meet the

grid-connected voltage requirement. When Uin1 ≤ 170 V, the
system works under TCMI mode. When Uin1 > 170 V, the cor-
responding dc–dc converter shuts down and the system works
in HYCMI mode. When Uin2 > 170 V, another dc–dc converter
also shuts down and the system works in CMI mode. It can be
calculated from (19) that when Uin1 > 350 V the grid current
THD of THBI will meet the grid-connected standard. There-
fore, the system is transformed into THBI and U ∗

dc1 = 380 V
is set. When Uin1 > 380V, the corresponding dc–dc converter
shuts down and the system becomes HYHBI mode. The perfor-
mance of these five topology modes and the transformation pro-
cess between them can be verified through the aforementioned
working process.

The experimental results of the entire operational process of
the system, including the experimental waveforms of various
topology modes and the corresponding tested total losses and
the grid current THDs, are all shown in Fig. 9. It can be seen
from Fig. 9 that when Uin1 is large than 50 V, the system starts
and works in TCMI mode. The system transforms its topology
modes between those five topology modes smoothly with the
increase of the output voltages of the RESs. The output volt-
age waveforms of the three CMI-type topology modes are five
levels and the spectral distributions of the grid currents are con-
centrated at four times of the carrier frequency and its integer
multiple zones. For the THBI and HYHBI modes, the output
voltage waveforms are three levels and the spectral distributions
of the grid currents are concentrated at twice the carrier fre-
quency and its integer multiple zones. It is consistent with the
foregoing analysis.

During transforming CMI mode to THBI mode, almost no
grid current overshoot occurs. It is because that the transforma-
tion of the topology mode is performed around the zero-crossing
point of the modulation wave and the inverter is under freewheel-
ing state. In addition, transforming CMI mode to THBI mode
is equivalent that the connection of the two dc–ac inverters are
transformed from series to parallel. It means that the equivalent
total dc-bus voltage is reduced and the grid current amplitude
accordingly reduces for a short time. Under the action of the
grid current closed-loop controller, after about two fundamental
periods of the dynamic process, the actual grid current tracks the
reference one. The online transformation of the dc–ac topology
modes is performed smoothly.

In addition, as the output power of the RESs are periodi-
cally fluctuant, it is difficult to accurately calculate the average
power of the RESs by directly observing the output power wave-
forms. Therefore, the instantaneous output power waveforms
are not given. According to the pre-set experimental conditions,
the output power of the RES is proportional to its output volt-
age. The experimental results indicate that throughout the entire
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Fig. 9. Experimental waveforms of proposed MTM-GCI. (a) Overall process; (b) TCMI mode; (c) HYCMI mode; (d) CMI mode; (e) around the point of
transforming CMI into THBI; (f) HYHBI mode; (g) grid current THD; and (h) efficiency.

operational process, both the output voltages of the two RESs
are consistent with their respective reference values and the re-
lationship of Uin1 ≈ √

3Uin2 is always maintained. It illustrates
that the independent output power control of the two RESs
is achieved.

Throughout the entire operational process, all of the topology
modes have achieved the grid-connected operation. It can be
known that the grid current remains sinusoidal and almost out
of phase with the grid voltage. It means that the system works at
nearly unity power factor. The actual grid current THDs corre-
sponding to various output voltages of the RESs are tested and
the curves are drawn in Fig. 9(g). The grid current THDs are

always less than 5% in the entire operational range. It means that
the proposed MTM-GCI possesses a wide operational range.
The actual efficiency data are tested and the efficiency curve
is drawn in Fig. 9(h). It can be seen that the efficiency of the
inverter increases gradually by online transforming the compli-
cated topology modes into the simpler ones and the maximum
efficiency is 97.4%. The European efficiency of the proposed
inverter is further calculated according to its definition. It is
found to be 96.3%.

In order to more clearly demonstrate the superiority of the
comprehensive performance of the proposed MCM-GCI, the
MCM-GCI is compared with the dc optimizer and TCMI, as
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TABLE II
DATA OF POWER SWITCHES USED IN THREE KINDS OF GCIS

Item DC Optimizer TCMI, Proposed

Operational range (V) 50–400 50–400
Max. dc-bus voltage (V) 800 400
Model number of IGBT FF200R12KE4 FF200R06KE3
Rated voltage (V) 1200 600
Rated current (A) 200 200
Switching loss energy (mJ) 57 14.9
Rated conduction loss (W) 400 320
Cost ratio 2.3 1

TABLE III
DATA OF THREE KINDS OF GRID-CONNECTED INVERTERS

Item DC TCMI Proposed
optimizer

Number of power switch + AC-side filter inductor 4 + 4 8 + 1 9 + 1
Cost ratio 1.15 + 4 1 + 1 1.1 + 1
Lowest voltage of RES (V) 50 50 50
Max. current THD (%) 5 5 5
Min. current THD (%) 1 1 2
Max. efficiency (%) 95.7 96.2 97.6
European efficiency (%) 94.6 95.1 96.3

shown in Fig. 1(a) and (c), respectively. The comparison in-
cludes the number of power switches, the cost, the generation
range of the RES, the grid current THD and the operational ef-
ficiency. The comparison is performed under the conditions of
the same operational range and rated power. It is assumed that
the output voltage range of the RES is from 50 to 400 V. Based
on this, the model number of the power switch and the filter
inductance of the dc optimizer are determined. Because the two
dc–dc converters in the dc optimizer are connected in series,
the maximum output dc-bus voltage is up to 800 V. It makes
that the rated voltage of the power switch should be selected
as 1200 V. While the rated voltage of the power switches of
the other two topologies can be selected as 600 V. Furthermore,
according to the datasheets of the determined power switches,
the loss data and cost ratios of the two kinds of power switches
are obtained and listed in Table II. As seen from Table II, the
conduction loss, the switching loss energy and the cost increase
accordingly with the increase of the rated voltage of the power
switch. The experimental platform of the dc optimizer is built
up with the determined power switches and the experimental
results are obtained.

The data of the three topologies, including the number of
power switches and filter inductors, the overall cost, the oper-
ational range, the maximum and minimum grid current THDs,
the operational efficiencies and European efficiency are listed
in Table III. Among them, the ac-side filter inductance of the
dc optimizer is designed to be four times of that of TCMI and
that of the proposed MTM-GCI. It is because when the car-
rier frequencies of the three topologies are selected the same,
the equivalent switching frequency of the dc optimizer is only
¼ of those of the other two topologies. To obtain the desir-
able grid current THD, the inductance value of the ac-side filter

inductance of the dc optimizer is designed somewhat bigger
than that of the other two topologies. In addition, because the
number and the power rating of the dc–dc converters embed-
ded in the three topologies are the same, the data of the dc–dc
converters are not contained in Table III. It can be seen from
Table III that although the total number of the power switches
in the dc optimizer is the smallest, because it uses the power
switches with a higher rated voltage and a larger ac-side filter
inductance, the cost and loss of the dc optimizer are the highest.
As for the proposed MTM-GCI, the cost increases only close to
10%. In the proposed MTM-GCI, by transforming the system
online among the five topology modes within the entire oper-
ational range, the grid current THD is always smaller than the
specific standard and the European efficiency of the system in-
creases significantly. The utilization of the RES is accordingly
increased. It means that the proposed MCM-GCI possesses the
optimal comprehensive performance.

Finally, the issue of the leakage current of the proposed MTM-
GCI is briefly discussed here. At present, there are many ap-
proaches to eliminate the leakage current in the GCIs. The first
one is to develop a new modulation strategy to keep the voltage
of the parasitic capacitor constant [23], [24]. The second one
is to add an active filter into the system to reduce the leakage
current [25]. The last one is to introduce some power compo-
nents into the inverter to provide new current flowing route and
the voltage of the parasitic capacitor will be kept constant [26].
The approaches 1 and 2 can be combined with the proposed
inverter to eliminate the leakage current and the structure of the
proposed inverter does not need to change. It will be our future
research work.

VI. CONCLUSION

In this paper, a novel MTM-GCI with five equivalent topol-
ogy modes suitable for the RES-GGS was proposed based on the
characteristics of the RESs that their output voltage and power
vary in a wide range. The optimal operational range of each
topology mode was given according to their own performance
in the entire operational range. The system-level control strat-
egy was proposed as well to achieve both the independent output
power control of the RESs and grid current closed-loop control
in each topology mode. By online transforming the topology
modes of the system smoothly, the following advantages were
obtained: a wide generation range of the RESs, an independent
output power control of each RES, and a higher European ef-
ficiency in the entire operational range. The improvement of
the comprehensive performance of the GCI will benefit the in-
crease of the utilization rate of the RES, and as a result, the
unit generation cost of the RES-GGS will be reduced and the
competitiveness of the RES-GGS will be enhanced.
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