
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 2, FEBRUARY 2023 2617

A Practical Current Source Inverter-Based
High-Power Medium-Voltage PV System

Ling Xing, Qiang Wei , Senior Member, IEEE, and Yunwei Li , Fellow, IEEE

Abstract—The power converters currently used in high-power
(a few megawatts) medium-voltage PV systems require the use of
a line-frequency transformer (LFT), which is bulky and costly. To
solve this issue, cascaded H-bridge converter and modular multi-
level converter based converters were proposed and investigated in
the literature. They can eliminate the LFT but suffer several techni-
cal challenges, one of which, for example, is a power imbalance. To
address these challenges, extra efforts, such as modified converters,
modulations, and controls, are needed. Such extras burden the
original converters and introduce new challenges. Therefore, a new
power converter is proposed in this work. It eliminates the LFT
without these challenges faced by the existing solutions. In addi-
tion, it features reliable short-circuit protection, high scalability,
simple, and well-proven converters. The operation principle is in-
troduced, and the control scheme is developed. The performance is
investigated and verified based on both simulations and lab-scaled
experiments.

Index Terms—High-power converter, medium-voltage (MV),
power imbalance, PV system.

I. INTRODUCTION

Fig. 1 shows the typical configuration of commercial high-
power (a few megawatts) medium-voltage (MV) PV systems
[1]. Due to the insulation limit of PV panels, a maximum dc
voltage of up to 1500 V is built with series/parallel-connected
solar panels. As a result, a line-frequency transformer (LFT)
is required and used to boost the generated low voltage to MV
levels and then connected to the MV grid. The conventional two-
level/three-level voltage source inverters (VSIs) are employed to
build the central inverters/string inverters. Several such inverters
are connected in parallel through a multiwinding LFT to reach
higher power ratings.

To eliminate the LFT, high-power MV converters have been
considered a good candidate. Different MV converters have been
developed and investigated, among which the cascaded H-bridge
converters (CHB) and modular multilevel converters (MMC) are
considered the most promising converters for the high-power
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Fig. 1. Configuration of high-power MV PV systems [1].

PV system [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12],
[13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [23], [24],
[25], [26]. They feature high-efficient maximum power point
tracking (MPPT), high modularity and scalability, etc., while
they also have a few technical challenges, one of which, for
example, is a power imbalance. To address these challenges,
modified converters, new modulations, and advanced controls
have been proposed and investigated. In the following, they will
be introduced in detail.

The existing CHB-based PV converters can be classified into
three categories: CHB with separate PV modules, as shown in
Fig. 2(a) [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12],
[13], [14], CHB with common ac link, as shown in Fig. 2(b)
[15], [16], [17], [18], and CHB with common dc link, as shown
in Fig. 2(c) [19], [20], [21], [22]. The one with separate PV
modules can achieve distributed MPPT but suffers intermod-
ule and interphase power mismatch, as well as poor output
harmonics performance under partial shading conditions [6],
[7], [8], [9], [10], [11], [12], [13], [14]. Modified converters,
modulations, and controls have been developed to alleviate such
issues, although the imbalance issue cannot be eliminated [6],
[7], [8], [9], [10], [11], [12], [13], [14]. The CHB with a common
ac link, as shown in Fig. 2(b), also ensures distributed MPPT. In
addition, it provides a common ac link for the CHB inverter, and
as a result, the power imbalance issue due to the nonuniform
solar irradiance conditions is solved. But this converter intro-
duces a couple of new challenges [15], [16], [17], [18]: one is
voltage/power imbalance caused by parameter mismatch of the
high-power medium/high-frequency multiwinding transform-
ers, second, the manufacturing of high-power high-frequency
multiwinding transformers is a burden, and third, it requires
more power conversion stages resulting in lower efficiency.
Fig. 2(c) shows the version with a common dc link in which the
distributed MPPT is ensured by using separate MPPT converters
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Fig. 2. Configuration of CHB- and MMC-based PV converters—single phase.

and the imbalance issue is addressed by sharing the dc link of the
CHB inverter. However, as same as the previous one, this version
suffers a high number of power conversion stage, which lowers
conversion efficiency. And power/voltage imbalance may be
introduced by the parameter mismatch of used high-frequency
transformers. Furthermore, for the three versions, the number of
operating power cells per phase should be the same. To do so,
the corresponding healthy power cells in healthy phases need to
be bypassed as same as the faulty ones under faults.

The existing MMC-based PV converters can be similarly clas-
sified into MMC with separate PV modules, as shown in Fig. 2(d)
[23], [24], and MMC with a common dc link, as shown in
Fig. 2(e) [25], [26]. The MMC with the common dc link consists
of series-connected PV converters to form an MVDC level and
then connected to a conventional MMC. Different isolated dc–dc
converters can be used in this converter as discussed in [27], [28],
[29], [30], and [31]. The use of isolated dc–dc converters and the
provision of the common dc link allow both independent MPPT
and power balancing. However, since the dc-link voltage must
be constant and the voltage balancing of PV converters must be
ensured in the full operation range, expensive redundancy and
overrating of converters must be introduced to ensure a reliable
operation. For example, once one PV converter is failed and
bypassed, the healthy ones must be able to withstand the same
dc-link voltage to enable a continued operation of the PV system.
The MMC with separate PV modules is similar to its CHB
counterpart that it suffers power imbalance under inconsistent
solar irradiance conditions and requires extra effort [32], [33].

To sum up, the existing solutions can eliminate the LFT but
have one or some of the following challenges: power imbalance,

low MPPT efficiency, large power conversion stage, high man-
ufacturing burden, complex control, and expensive redundancy
design and overrating.

Therefore, with the motivation for developing a practical
high-power MV converter without the use of LFT and with-
out the challenges, a new converter is proposed. It consists
of separate PV-side converters connected in series to reach an
MV level and then connected to an MV current source inverter
(CSI). It eliminates the LFT and solves all these challenges
faced by the existing solutions, and in addition, it features
reliable short-circuit protection, high scalability, simple, and
well-proven converters. The control scheme for the proposed
converter is developed. The performance is verified by both
simulation and experiments.

II. PROPOSED CSI-BASED PV CONVERTER

A. Operation Principle

Fig. 3 shows the proposed CSI-based converter. At the PV
side, identical dc–dc converters are used to achieve independent
MPPT for the corresponding PV panels. The used dc–dc con-
verters are the well-studied isolated H-bridge converters used
in the existing CHB/MMC-based converters. The outputs of
the isolated dc–dc converters are connected in series to reach
an MVDC level to accommodate the use of the grid-side MV
inverter. At the grid side, the well-proven MV CSI is used. It
is composed of six (symmetrical GCT) SGCT devices with
a reverse voltage blocking capability. Each of these devices
can be replaced with two or more devices in series for higher
voltage applications. For example, in the case of grid voltage
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Fig. 3. Proposed CSC-based converter for MV high-power PV systems.

of 2300 V, 2 SGCTs are needed for each phase, and for grid
voltage of 3300, 4160, and 6600 V, the required number of
devices per phase is 4, 4, and 6, respectively. The MV CSI is a
well-proven inverter in high-power MV (2.3–6.6 kV) drives [34],
and there is no technical challenge that arises when transferred
to the high-power PV systems. On the other hand, the MV CSI
features a simple topology, grid friendly waveform, and reliable
short-circuit protection.

The rated number (n) of isolated dc–dc converters, the same
as that of the PV panel sets, as shown in Fig. 3, is determined
by the following:

1) the dc-link voltage Vdc;
2) the device rating; and
3) the solar conditions.
For example, for a 1 MW/4160 V system, Vdc is around

5000 V that can be formed with different combinations of switch
rating and number n. One is 1200 V IGBT, Vpvn = 700 V (hard
switching), Vdcn = 630 V (rated duty cycle of the H-bridge
converter d = 0.45), and n is then rounded to n = 8. And, it can
also be 600 V IGBT, Vpvn = 400 V (hard switching), Vdcn =
360 V (rated duty cycle of the H-bridge converter d = 0.45), and
n is then rounded to n = 14. The solar condition should also be
considered. To ensure MPPT for all panel sets, a higher number
n is preferred if the mismatch in solar irradiance is significant,
while less number n would be fine under well-balanced solar
irradiance. To sum up, the optimization of n is an engineering
question in which a tradeoff is required. Such optimization is
not a focus in this work.

The passive components used in the proposed converter are
designed in the same manner as the existing ones. The used
transformer here plays one role, that is isolating the PV panels
from MVDC and by doing so, such as existing CHB-based
solutions, the LFT can be eliminated without causing insulation
issue for the PV panels. On this basis, the turn ratio of the used
transformer is set to 1:1. The turn ratio also affects the design of
n, but is also an engineering question as discussed earlier, thus
not discussed here. The PV capacitors Cpv are selected based
on the voltage ripple as well as the switching frequency, refer to
the articles presented in [2], [3], [4], [5], [6], [7], [8], [9], [10],
[11], [12], [13], and [14] for details. The dc-link inductor Ldc is
designed based on the voltage-second principle and the LC filter
is designed according to the grid codes. For example, under a

Fig. 4. Simplified equivalent circuit of the proposed converter.

switching frequency of around 500 Hz and a typical switching
frequency for high-power MV CSI, Ldc = 0.8 p.u., Lf = 0.1 p.u.,
and Cf = 0.5 p.u. are used. Refer to the articles presented in [34],
[35], [36], [37], [38], and [39] for more details of CSI.

Each PV-side dc–dc converter is operating independently. As
a result, MPPT is achieved for all the PV panels and the control
of each dc–dc converter is independent. The resultant equivalent
circuit of the proposed converter is derived and shown in Fig. 4.
The PV-side dc–dc converters share one dc current Idc, while
they may have different input/output voltages due to the different
MPPTs at different PV panels. As shown in the figure, Vdc1 and
Vdcn are the obtained output voltages of the dc–dc converters #1
and #n, respectively, upon their respective MPPT. Since different
PV panels may have different MPPTs, Vdc1 � Vdcn is the fact.
This is not allowed in the MMC-based converters with a common
dc link in which a constant Vdc, as well as a balanced voltage of
Vdc1 = Vdcn, is a must under all conditions [25], [26]. But in the
proposed converter, it is allowed since the proposed CSI-based
converter is operating with a variable dc voltage Vdc ranging
from 0 to 1 p.u. An extreme case is that when one or some of the
PV-side converters are bypassed due to reasons, such as failure
and shading, the left healthy converters continue to operate under
a new operating point without balancing/voltage controls and
without overvoltage and voltage imbalance issues. Note that the
bypass operation can be implemented by the diode rectifier of
the dc–dc converters, as shown in Fig. 3. Therefore, no voltage
balancing control is required, and no overrating/redundancy is
needed. In addition, the use of single grid-side CSI does not
have the power imbalance issue that existed in the CHB- and
MMC-based converters.

B. Comparison and Discussion

The comparison between the proposed converter and existing
ones is discussed as follows and given in Table I. Note that the
comparison between existing ones has been done well in [32]
and [33], thus not repeated here.

LFT: The same as the CHB- and MMC-based ones, the
proposed converter eliminates the LFT.

MPPT: The same as the CHB- and MMC-based ones, the
proposed converter achieves independent MPPT due to the use
of independent dc–dc converters.

Voltage imbalance: Such as the CHB- and MMC-based ones,
the use of independent MPPT results in voltage imbalance. But
such voltage imbalance is normal for the proposed converter,
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TABLE I
COMPARISON OF DIFFERENT CONVERTERS FOR MV PV SYSTEMS

which is operating with a variable dc-link voltage, not a constant
one. Each PV-side converter (Vdcn) and the dc-link voltage (Vdc)
can be ranging from 0 to 1 p.u.

Power imbalance: The voltage imbalance results in a power
imbalance between PV-side dc–dc converters. Unlike the CHB-
and MMC-based ones, the imbalance is not an issue for the
grid-side waveforms due to the MV dc link.

Parameter mismatch: Parameter mismatches exist, but unlike
the CHB- and MMC-based ones in which imbalances are intro-
duced by the mismatches, the proposed converter tolerates these
imbalances, as analyzed earlier.

Overrating and redundancy design: Unlike existing ones,
the proposed converter does not need overrating or redundancy
design. The failed PV-side converters if any are just bypassed
without causing overvoltage issues.

Others: The proposed one inherits all the advantages of the
MV CSI, such as simple topology and reliable short-circuit
protection. In addition, such as the CHB- and MMC-based ones,
it features high scalability and well-proven converters.

C. Challenge and Solution

The proposed CSI-based converter also inherits the challenge
associated with the MV CSI, that is the bulky and less-efficient
dc-link inductor.

The dc-link inductor and ac-side LC filter of the proposed
CSI-based system are analogous to the dc-link capacitor and
ac-side LCL filter of the existing VSI-based system in which
the LFT is used, as shown in Fig. 1. Since the exact physical
sizes of these passive components in the two inverters under
the same conditions are unavailable, it is difficult to determine
the difference if any between the two physical sizes. But the
difference if any would not be large enough to offset the size
reduction due to the elimination of the LFT of the proposed
converter because these passive components used in the existing
VSI-based systems are also bulky, and the LFT is very bulky.
On the other hand, the proposed converter is expected to have a
significant size reduction due to the elimination of the LFT.

The physical size of the proposed system can be further
reduced by reducing the used passive components. The com-
mercial high-power MV CSI equipped with the switch of SGCT
is operating with a switching frequency of around 500 Hz to
lower power losses. The development of SiC/GaN switches with
higher switching frequencies and lower power losses enables

the CSI-based system to reduce the passive components signifi-
cantly [41]. In addition, the physical size of the dc-link inductor
can be further reduced by coupled inductor design and reduced
dc-link current. The dc-link inductance is theoretically halved
by using the coupled inductor design. For a given power rating,
the rated dc-link current can be reduced by increasing the rated
dc-link voltage.

The estimated efficiency of the proposed converter is around
96% in which the MV CSI is 99%, the dc-link inductor is 98%,
and the H-bridge converter 99% [34]. The efficiency of most ex-
isting LFT-based high-power PV systems is ranging from 95.6%
to 96.9% in which the typical efficiency of the high-power LFT
is around 98.5%, and the inverter ranges from 97.1% to 98.4%
under rated conditions (higher efficiencies are reached under
light loads), refer to examples, such as PVS980 and ULTRA-
1500.0-TL manufactured by ABB and SG5000UD/SG5000UD-
20 manufactured by Sungrow.

The efficiency of the proposed system can be also further
improved by the methods, as analyzed earlier, and in addition,
the variable dc-link current control allows a further efficiency
improvement in the full operation range [34].

III. CONTROL SCHEME FOR THE PROPOSED CONVERTER

Fig. 5 shows the proposed control scheme for the proposed
converter. It includes PV-side control and grid-side control.

A. PV-Side Control

The PV-side converter controls MPPT. Existing MPPT
schemes can be used here and will not be discussed. As shown
in Fig. 5, the reference voltage Vpvn-ref is received based on
the respective MPPT of each PV set. The reference voltage
is compared with the measured voltage and the error is going
through a PI controller, which generates the reference current
idc-refn. The required duty cycle dn for PV set #n to ensure
MPPT is then obtained by dividing the reference current idc-refn
by the dc current idc. The dc current idc is shared by all the
PV-side converters and, therefore, under different solar condi-
tions, different voltages’ references (Vpv1-ref � Vpvn-ref) will be
generated, which generate different current references (idc-ref1 �
idc-refn) outputting different duty cycles (d1 � dn) for different
PV converters. MPPT is achieved upon applying dn.
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Fig. 5. Proposed control scheme for the proposed converter.

B. Grid-Side Control

The grid-side controls include dc current control and reactive
power control, as shown in Fig. 5. The two controls are inde-
pendently implemented in the dq frame. The d-axis grid current
reference (idg-ref) is obtained by the dc current PI controller.
The q-axis grid current reference (iqg-ref) is obtained based on
the reactive power reference (Qg-ref) and the d-axis grid voltage
(vdg) [40]

Pg = 3
2vdgidg

Qg = − 3
2vdgiqg.

(1)

The capacitor currents of the CSI need to be compensated in
finalizing the references for the dq-axis pulsewidth modulation
(PWM) currents (idwi-ref and iqwi-ref). The relationship among
capacitor currents, grid currents, and the PWM currents is given
as follows [40]:

idwi−ref = idg−ref − icd = idg−ref + ωgCfvcq
iqwi−ref = iqg−ref − icq = iqg−ref − ωgCfvcd

(2)

where ωg is the grid frequency, icd and icq are the dq-axis
capacitor currents, and vcd and vcq are the dq-axis capacitor
voltages. These variables are related to the following [40]:

vcd = Vsd − ωgLf isq

vcq = ωgLf isd
(3)

where Lf and ωg are the filter inductor and angular speed of the
grid, respectively.

Then, the required dc current reference (idc-refg) and delay
angle (αi) of the grid-side CSI to ensure grid-side controls can
be obtained according to Cartesian-to-polar transformation

idc−refg =

√
(idwi−ref)

2 + (iqwi−ref)
2

αi = tan−1(iqwi−ref/idwi−ref). (4)

The required modulation index (mi) for the CSI is then calcu-
lated by dividing the generated PWM current reference (idc-refg)

by the measured dc current idc. And the required angle of the
PWM current (θwi) is calculated based on θwi = θg−αi in which
θg is the grid voltage angle obtained based on the phase-locked
loop. After applying mi and θwi to the grid-side converter with
a conventional modulation scheme [35], [36], [37], [38], [39],
both reactive power and dc current controls are achieved.

C. DC Current Reference Determination

The dc current reference is determined by the controls at both
PV and grid sides. The PV-side control generates the PV-side
reference, that is idc-ref1 for PV #1 and idc-refn for PV #n.
Similarly, the grid-side controls generate the grid-side reference
idc-refg. In the proposed converter with a series-connected struc-
ture in which there is only one dc current flowing through all
the converters, there is only one dc current reference. To ensure
controls at both sides, the maximum value of all the references
generated at both sides is selected to be the final dc current
reference, that is

idc−ref = max{idc−ref1, idc−refn, idc−refg} (5)

where the PV-side references idc-ref1 and idc-refn are inversely
proportional to the transformer turn ratio (1:k; in this case k= 1).
Therefore, in cases where the PV-side references are larger than
the grid-side reference resulting in a higher final dc reference
under rated conditions, the transformer turn ratio can be designed
in such a way that the references at both sides are the same. By
doing so, the final dc reference is reduced.

The dc reference is expected to be as small as possible to lower
power losses. To do so, the modulation index of the grid-side CSI
is set to 1 [40].

The PV-side dc current reference is calculated as follows:

idc−refn =
Pn

2dnVpvn
(6)

where Pn is the captured power for PV set #n.
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TABLE II
SIMULATION AND EXPERIMENTAL PARAMETERS

Assuming a lossless system, the grid-side dc current reference
can be received by combining (1)–(4) (7) shown at the bottom
of this page.

IV. SIMULATED AND EXPERIMENTAL INVESTIGATION

Both simulations and lab-scaled experiments are conducted
to verify the performance of the proposed converter and the
performance of the proposed control. The used parameters are
listed in Table II.

A. Simulated Results

Fig. 6 shows the simulated waveforms of the proposed con-
verter under different conditions.

1 < t < 1.5 s: The converter is operating under rated con-
ditions. Capacitor voltages vpv1, vpv2, and vpv3 of the PV-side
converters #1, #2, and #3 are controlled to be at their refer-
ence values vpv1-ref, vpv2-ref, and vpv3-ref received from MPPT.
This indicates that MPPT is achieved for all the PV sets. The
grid-side controls, including both dc-link current control and
reactive power control, are also achieved. The real power (Pg)
and reactive power (Qg) are 1 p.u. and 0 p.u., respectively, and
the dc-link current (idc) is controlled to be 1 p.u. At t = 1.5 s,
the reference voltage (vpv1-ref) for PV converter #1 is set at
1 p.u. still, while the references for PV converters #2 and #3 are
reduced to 0.8 p.u. and 0.6 p.u., respectively. This is to simulate
the nonuniform solar irradiance situation in practice. vpv1, vpv2,
and vpv3 are well tracking their respective references. And the
same for the dc-link current control. Qg-ref is set to 0.

1.5< t<2.5 s: The converter is operating with a new operating
point at which vpv1, vpv2, and vpv3 are operating at 1 p.u., 0.8 p.u.,
and 0.6 p.u. following their respective references. Pg is reduced
from 1 to 0.8 p.u. accordingly, while Qg remains the same at
0. The resultant dc-link current (idc) is operating at its new
reference (idc-ref). Compared with the previous period, the new

Fig. 6. Simulated performance under both steady and dynamic states.

reference is reduced to 0.83 p.u., and as analyzed earlier, this is
to ensure control objectives on both sides as well as lowering the
power loss of the converter. At t = 2.5 s, the reference voltages
(vpv1-ref and vpv2-ref) for PV converters #1 and #2 remain the
same as before, while the reference for PV converter #3 is
reduced to 0 p.u. This is to simulate the extreme case, under
which converter #3 is bypassed under faults. In the simulation,
this is done by setting the input power of converter #3 to 0. vpv3
is tracking the new reference well, and a new dc reference is
generated to lower the power loss as well as ensuring control
objectives at both sides.

2.5< t<3.5 s: The converter is operating with a new operating
point at which vpv1, vpv2, and vpv3 are operating at 1 p.u., 0.8 p.u.,
and 0 p.u. Pg is further reduced from 0.8 to 0.6 p.u., while Qg

remains at 0. idc is operating with its new reference (idc-ref),
reduced from 0.83 to 0.79 p.u. Note that the reduction of the
dc current reference is not proportional to that of the power and
this is due to the capacitor current that needs to be compensated,
as shown in (7). At t = 3.5 s, all the references are set back to
1 p.u., and Qg remains at 0.

Idc_refg =

√{
(1− ω2

gLgCf )

(
2

3

∑n
n=1 Pn

Vdg

)}2

+

{
(1− ω2

gLgCf )

(
2

3

Qg_ref

Vdg

)
+ ωgCfVdg

}2

. (7)
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Fig. 7. Experimental setup. (a) Circuit. (b) Photograph.

3.5 < t < 4.5 s: The converter is operating in a rated
steady state, the same as the period of 1 < t < 1.5 s. At t
= 4.5 s, the reference voltages are the same as before, while
Qg-ref is set to 0.33 p.u. corresponding to a lagging power
factor of 0.95. As shown in the figure, a new dc-link current
reference (idc-ref) is generated following the change in reactive
power.

4.5< t<5.5 s: The converter is operating with a new operating
point at which vpv1, vpv2, vpv3, and Pg are operating all at 1 p.u.,
while Qg is settling down at 0.33 p.u. The resultant dc-link
current (idc) is operating at its new reference (idc-ref), around
0.9 p.u. to accommodate the change in reactive power. At t =
5.5 s, the references are set to the original values.

5.5 < t < 6.5 s: The converter is operating with the original
rated conditions. At t= 6.5 s, the reference voltages are the same
as the previous, while Qg-ref is set to −0.33 p.u. corresponding
to a leading power factor of 0.95. As shown in the figure, the
dc-link current reference (idc-ref) is increased from 1 p.u. to
around 1.1 p.u. The relationship between the dc-link current
reference and reactive power can be found in (7).

6.5 < t < 7 s: The converter is operating with a new operating
point at which vpv1, vpv2, vpv3, and Pg are operating all at 1 p.u.,
while Qg is controlled to be at its new reference −0.33 p.u.
The resultant idc is tracking its new reference (1.1 p.u.). And the
PV-side control is achieved by the control of the three converters
independently as indicated by vpv1, vpv2, and vpv3.

B. Experimental Results

Fig. 7 shows the following experimental setup.
1) Variac + multiwinding transformer + diode rectifier is

used at the PV side to provide isolated dc supplies to
simulate the PV panels.

2) Two PV converters are used due to the limit of the available
multiwinding transformer.

3) Since the use of a diode rectifier does not allow the
control of PV capacitor voltages as in the simulation,
an open-loop control is used for the PV-side converters.
It is worth noting that the well-proven MPPT schemes
are not studied here, while the focus is on the power

converter, and therefore, the variac + multiwinding trans-
former + diode rectifier is used to provide independent dc
voltages to simulate independent PV panels in practice.
This simplification still allows the outputs (one is the
duty cycle required for MPPT and the other the PV-
side reference current, as shown in Fig. 5) to be gener-
ated and, therefore, is effective in verifying the proposed
converter.

4) A transformer is purposely used at the grid side to lower
the grid voltage to facilitate grid connection, but it is not
needed for this proposed converter.

Fig. 8(a) shows the experimental waveforms of the proposed
converter under rated conditions. The two output voltages of the
PV-side converters (vdc1 and vdc2) are around 50 V. Note that
vdc1 is not equal to vdc2 and this is due to the mismatch of the used
medium-frequency transformers of the H-bridge converters. The
dc-link current (idc) is 6 A, and the grid voltage (vg,L-L) and grid
current (ig) are 104 V and 3.2 A. The line-to-line grid voltage
leads the grid current by 30°, and this indicates a unity power
factor (PF = 1).

Fig. 8(b) shows the experimental waveforms of the proposed
converter under a dynamic state with a lagging power factor
(PF = 0.95 lagging). Before the lagging power factor control is
activated, the converter is operating with a unity power factor
as same as that in Fig. 8(a), and after that, the reactive power
(0.33 p.u.) control is enabled, while the real power is unchanged.
As a result, the peak value of the grid current (ig) is slightly
increased from around 4.5–4.8 A and its phase angle is lagging
the line-to-line voltage of the grid by 48°. Unlike the simulation
in which the dc current (ig) is reduced during the lagging power
factor control, idc does not change in the experiments. This is
because the PV-side current reference is greater than the grid-
side one in the experiments. As a result, the PV-side current
reference is selected as the final current reference for the dc
current control, and the resultant dc current does not change in
the experiments.

Fig. 8(c) shows the experimental waveforms of the proposed
converter under a dynamic state with a leading power factor
control (PF = 0.95 leading). Before the leading power factor
control, the converter is operating with a unity power factor.
Once the leading power factor control is enabled, both the phase
angle and magnitude of the grid current change. In addition, the
dc current (idc) increases from 6 to 7 A, and this is because
the grid-side current reference is larger than that of the PV-side
one and is higher than that under both the unity power factor
and lagging power factor. vdc1 and vdc2 reduce accordingly to
ensure that the real power remains unchanged.

Fig. 8(d) shows the experimental waveforms of the proposed
converter under a dynamic state with mismatch/fault. The second
PV-side converter is bypassed at a given time instant by setting its
duty cycle to zero. This can simulate a solar mismatch, parameter
mismatch, and a fault of the PV converter in practice. It is worth
noting that the dc current reference is still equal to 6 A. This
is because the reference determined by the left healthy PV-side
converter is still greater than the grid-side one. Therefore, the dc
current is controlled to be 6 A in the process. Second, the output
voltage of the left healthy PV-side converter (vdc1) is increased



2624 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 2, FEBRUARY 2023

Fig. 8. Experimental waveforms of the converter under rated conditions. (a) Steady state under rated conditions. (b) Dynamic state under lagging power factor
control. (c) Dynamic state under leading power factor control. (d) Dynamic state under mismatch/fault.

slightly and this is due to the increase of the diode rectifier output
voltage under light load. A similar process repeats when the
bypassed PV-side converter is reactivated later.

V. CONCLUSION

A practical CSI-based converter is proposed for high-power
MV PV systems. In addition to eliminating the LFT used in
the existing high-power MV PV systems, it also addresses the
challenges faced by the CHB- and MMC-based converters, such
as the power imbalance, parameter mismatch, overrating, and
redundancy design. In addition, it features reliable short-circuit
protection, high scalability, simple, and well-proven converters.
Both simulations and experiments have been done and verified
the performance of the proposed converter. It has shown that
the proposed converter is practical and a good candidate for the
high-power MV solar systems.
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