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Input-Independent and Output-Series Connected
Modular DC-DC Converter With Intermodule
Power Balancing Units for MVdc
Integration of Distributed PV

Xiuyi Li
Jianjun Ma

Abstract—In this paper, a novel topology of modular de—dc con-
verter has been proposed for medium voltage dc (MVdc) integra-
tion of high-penetration distributed PV. The proposed topology is
featured with input-independent and output-series connected con-
figuration and intermodule power balancing units (PBUs). A high
voltage gain could be achieved with series-connected submodules
(SMs), while each SM’s input port is connected with PV array to
realize the independent maximum power point tracking (MPPT)
control function. PBUs with bidirectional power conversion ability
are installed between adjacent SMs for the elimination of inter-
module power mismatch. The operation principles of the proposed
converter have been explained in detail along with the correspond-
ing control strategies. The design principles of major passive com-
ponents have been investigated on the basis of boundary opera-
tion conditions, while a quantitative analysis of steady-state power
losses has been performed. Moreover, a comparative study is con-
ducted from the aspects of operation range, topology complexity,
component stress, and power efficiency. The theoretical results have
been validated by both simulations and down-scaled experiments.

Index Terms—Distributed PV, modular de—dc converter, MVdc
integration, power balancing unit (PBU), power mismatch.

I. INTRODUCTION

ITH the rapid expansion of distributed energy resource
W (DER), the traditional ac power system has been faced
with several challenges related to high penetration of distributed
PV. These are as follows.
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Fig. 1. DC integration of distributed PV via multiport dc—dc converter.

1) Protection under bidirectional power flow.

2) Overload of transformers and distribution lines/cables.

3) Power quality issue caused by inverter harmonics.

Thus, the multiport MVdc integration of distributed PV could
be introduced as a new approach. As the typical scenario shown
in Fig. 1, n PV arrays are connected to a bipolar MVdc distribu-
tion grid via a specially designed multiport dc—dc converter.

As the key equipment of dc integration system, the multiport
dc—dc converter should satisfy several following requirements.

1) High voltage conversion ratio and high efficiency.

2) Independent MPPT control on different input ports.

3) Capability to operate under power-mismatch condition.

4) Fault isolation among different input branches.

Nowadays, the research on medium voltage dc (MVdc)/low
voltage dc (LVdc) integration of PV systems is becoming a
hotspot in the area of renewable energy [1]-[8]. Based on the
different application scenarios, several topologies have been in-
vestigated from various aspects [9]-[15].

The input-independent and output-series (IIOS) connected
modular configuration with isolated submodules (SMs), as
shown in Fig. 2(a), could be considered as a feasible way to
obtain a high voltage conversion ratio while guaranteeing a high
power conversion efficiency.

It should be noted that all PV arrays in the proposed system
[see Figs. 1 and 2(a)] should be grounded to limit the poten-
tial of PV strings because the maximum permissible voltage of
commercially available PV modules is usually 1/1.5 kV, which
is much lower than MVdc level. Thus, an isolated dc—dc con-
version is needed in each SM to ensure the voltage stacking on
MVdc side, as shown in Fig. 2(a).

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.


https://orcid.org/0000-0002-3295-1228
https://orcid.org/0000-0003-1641-5369
https://orcid.org/0000-0003-1641-5369
https://orcid.org/0000-0002-5410-4505
https://orcid.org/0000-0002-1621-2257
mailto:xiuyili1992@sjtu.edu.cn
mailto:miaozhu@sjtu.edu. cn
mailto:sumingzhang@sjtu.edu.cn
mailto:jianjun_ma@outlook.com
mailto:xucai@sjtu.edu.cn
mailto:yunwei.li@ ualberta.ca

LI et al.: IOS CONNECTED MODULAR DC-DC CONVERTER WITH INTERMODULE PBUs FOR MVdc INTEGRATION OF DISTRIBUTED PV

E47R
e -
k377

(a)

MPPT DC-DC Converters

===z A=A
_& }lg Z | Uger i
Ak 37 i e
7 j Ude2 Z_||iiu i Uc
Y =)~ — | e

.

e R —
= Dl Y i — | B
_2 3"{ _: i Uden = uy,

[l
I

(b)

qZS DC-DC SMs

AR
Network | [H /v =
H D[l KV a
iz 34

Network | [ A% gy -

H— |G v 7~
I E a8
Network | g =]

Fig.2. Elementary topologies: IIOS configuration with isolated SMs. (a) With
single-stage isolated SMs. (b) With two-stage isolated SMs. (¢) With single-stage
isolated qZS SMs.

Due to different irradiance, the output power of PV arrays
fluctuates in a wide range, which results in an inevitable power-
mismatch issue among the SMs in IIOS converter. A brief anal-
ysis of the power-mismatch phenomena in IIOS converter with
single-stage SMs, as shown in Fig. 2(a), could be conducted with
the assumption that all the PV arrays have the same capacity and
physical characteristics.

If m of n PV arrays were shaded, their maximum output power
would drop to 1/k (k > 1) of the rated value. For those unshaded
PV arrays, the voltage conversion ratio g would rise from the
rated value GG, to a higher value G’. Ignoring the variation of
maximum power point (MPP) voltage, we can have following
equation:

kn kUG
G = G, = 1
(n—m)k+m [(n —m)k +m] Upy—mpp M

where Ug is the MVdc grid voltage, which is also the output
voltage of IIOS converter; Upy.mpp 18 the MPP voltage of PV
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Fig. 3. Proposed topology of IIOS dc—dc converter with PBUs.

arrays. If k is very large, (1) could be simplified to

="

Ghn. 2
n—m

Unfortunately, for isolated SMs, the voltage conversion ratio
g is seriously restricted by the turning ratio of high-frequency
(HF) transformer. Thus, it is usually impossible for the SMs to
reach the voltage conversion ratio G’ due to the limited voltage
step-up capability. Thus, the output voltage of corresponding
PV arrays will deviate from their MPP voltage and the total
generated power will decrease.

In order to solve the power-mismatch problem, several
alternative topologies have been proposed in [16]-[19]. The
configurations of IIOS converter with two-stage SMs or quasi-Z-
source network (qZSN) have been presented in Fig. 2(b) and (¢),
respectively. With the assistance of additional de—dc MMC stage
[16] or qZSN [17]-[19], the voltage-regulation capability of iso-
lated SMs is enhanced to reduce the negative effects of power
mismatch. However, both the cost and power losses will be in-
creased with more complicated topologies and more conversion
stages, while the voltage conversion ratio is still a key concern.

From the above analysis, it is clearly seen that the power
mismatch caused by a wide-range variation of input power could
be identified as the main challenge for IIOS converter, which
should be taken into consideration in the topology design.

Thus, the concept of intermodule power balancing has been
integrated into modular converter, and consequently, a novel
topology of IIOS-connected modular dc—dc converter with in-
termodule power balancing units (PBUs) has been proposed in
this paper (see Fig. 3).

The rest of this paper is organized as follows. The topology
and working principles of the proposed IIOS converter are de-
scribed in Section II. The design principles of major passive
components are discussed in Section III along with the specifi-
cations of defined SMs and PBUs. A detailed analysis of power
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efficiency is performed in Section IV. In Section V, different
IIOS topologies for dc integration of PV are compared from
the aspects of operation range, topology complexity, compo-
nent stress, and power efficiency. In Section VI, the results of
system simulations and down-scaled experiments are analyzed.
Finally, the conclusions and future directions are presented in
Section VII.

II. TOPOLOGY AND WORKING PRINCIPLES

Several PBU technologies have been used for the balancing
control of bipolar dc grids, energy storage system (ESS), and the
PV distributed maximum power point tracking (DMPPT) [20]—
[24]. In [25]-[27], the PBU concept is further applied to the
multistage converter system to balance the power from multiple
front-end sources. In this paper, the concept of PBU is developed
and extended to the single-stage IIOS modular dc—dc converter
with multiple power inputs to form a novel topology, which has
been proposed in Fig. 3.

As the basis for further analysis, the working principles of the
proposed topology are explored in this section.

A. Topology Description

As shown in Fig. 3, the proposed topology consists of n
single-stage isolated dc—dc SMs (SM#1-SM#n) with indepen-
dent MPPT function and (n—1) intermodule PBUs for the elim-
ination of mismatched power. The PBU is a two-port circuit that
contains one inductor and two active switches. The H-bridge
dc—dc conversion topology with HF isolation and unidirectional
power flow is adopted in SMs.

B. Operation Principles of PBUs

As shown in Fig. 3, PBU#k is connected with both SM #k and
SM# (k + 1) for intermodule power exchange. According to the
power flow directions, the operation of PBU#k can be divided
into two modes, and each operation mode contains two working
substates defined by switching states of Q1 or Q2.

As a result, there are four basic working substates under two
operation modes, which are, respectively, illustrated in Fig. 4.
For the convenience of analysis, C,_j and C,_;1 are used to
represent the output capacitor in SM#k and SM#(k + 1), re-
spectively. Py and Py are the average output power of SM#k
and #(k + 1). AT} is the average current drawn from SM#k and
AT} is the average current injected into SM#(k + 1). I,y is the
average output current of SM#k.

Mode 1: In this mode, Qs is kept OFF while the duty ratio of
Q@11 is controlled to transfer energy from SM#k to SM#(k + 1).

When Q1 is ON [i.e., substate I as shown in Fig. 4(a)], L
is charged by C,_ through Q1 — Ly — Co_g. When Q. is
OFF [i.e., substate II as shown in Fig. 4(b)], V Dy2 conducts to
form Ly — Cy_+1 — V Djo and the energy stored in Ly will
be transferred to C'y_j41.

Mode 2 : In this mode, Q1 is kept OFF while the duty ratio of
Q12 is controlled to transfer energy from SM#(k + 1) to SM#k.

When Qo is ON [i.e., substate III as shown in Fig. 4(c)], Ly
is charged by C,,_j 1 through Cy_j41 — L — Qro. When Qo
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Fig. 4. Equivalent circuit of PBU#k under different working substates.
(a) Substate T (Q1 ON, Qo OFF). (b) Substate Il (Qr1 Qg2 OFF, V Do ON).
(c) Substate IIT (Qg1 OFF, Qo ON). (d) Substate IV (Qr1 Qro OFF, V Dy
ON).

is OFF [i.e., substate IV as shown in Fig. 4(d)], V Dy conducts
to form Ly — V Dy — C,_j, and the energy stored in L will
be transferred to C,_y.

The change of capacitor voltage is regarded as a slow process
relative to the switching of Q2 and Q2. Therefore, the average
output voltage of SM#k and SM#(k + 1), Uy, and U1 can be
considered as constant values in circuit analysis of PBU#k.

In Mode 1, with voltage-second balance is applied to inductor
Ly, in the steady state, it can be derived that

UpDj1 Ts — U1 (1 — Djp1)Ts =0 3)

where T’ is the switching cycle of PBU, Dy, is the steady-state
duty ratio of Q1.

The similar derivation can also be performed in Mode 2, which
results in

—U41Dp2Ts + U (1 — Dy2)Ts = 0 4

where Dy is the steady-state duty ratio of Qye.
From (3) and (4), the steady-state duty ratio Dy (or Do) of
Qr1 (or Qg2) in Mode 1 (or 2) can be expressed as

Uks1 Uk

= _°r- = — 5
Up + U1 T U+ Uk ©)

Dy

In both Modes 1 and 2, when Q1 or Q> is ON, the absolute
value of inductor current |ir,| will increase; when Qg1 or Qo
is OFF, |irk| will decrease.

Therefore, the average inductor current /1y can be regulated
by adjusting duty ratio dy; in Mode 1, or dyo in Mode 2. If
di1 > Dy (ordgs > Dya), |Irx| will increase; if di; < Dy
(or da < Dga), [ILk| will decrease.
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Fig. 5. Output-side equivalent circuit of IIOS converter with PBUs.

From the working principles of PBU#k, AI}, could be
expressed as

D1 I Mode 1
N k141K ©)
(1 — Dkg)ILk Mode 2
and AI} could be expressed as
1 — Dy1)Ik Mode 1
AIl = Iy — AL = ( k) T 7
DkQILk Mode 2.

With power losses neglected, the average power transferred
through PBU#k in one switching cycle, A Py, can be derived as

AP, = AU, = AIlUp 1 (8)

in both Modes 1 and 2. Thus, from (5)—(8), AP, can be
derived as

UrUk41
AP Uk + U1 Tux ©
which is mainly determined by Iry. As a result, di; (or dgs)
can be used as the control variable to regulate APy in Mode 1
(or 2).
For the ITIOS topology shown in Fig. 3, the equivalent circuit
of MVdc side in the steady state could be illustrated as Fig. 5,
neglecting the power losses in SMs, it could be derived that

P, =1, 1Uk. (10)

With Kirchhoft’s current law (KCL) applied to node Ny, we
can have

AL+ AL+ 1o g1y = Lok + AT + ALy (1D
Thus, from (8), (10), (11), it could be derived that
P, — AP, + AP, P
U, B kAP, 1 k (12)

Upt1  Por1 + APy — APy Pl

where P and P, are the equivalent output power of SM#k
and SM#(k + 1).

Thus, a voltage-feedback-based power balancing control
strategy could be designed to eliminate the mismatched power
between SM#k and SM#(k + 1), as described in Fig. 6.

In outer loop, the error of uy, and uy41, ey, is processed by
PI regulator to produce the reference 47, for a mode selection
and inductor current control. SF},, which is determined bysj ,
as (13), is defined as the flag variable for the operation mode
selection. If SFj, = 1, PBU#k will be operated in Mode 1; if
SFy, = 0, PBU#k will be operated in Mode 2.
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Fig. 7. Phase-shift control of H-bridge SMs and relative waveforms.

(1, i, >0
Sszl—SFk:{ Lk (13)

0, i, <0.

In inner loop, the error of |if, | and |iLk|, eiLk, is processed
by PI regulator to calculate dj, which is adopted as the duty
ratio dy1 (or dg2) in Mode 1 (or 2) for the regulation of average
inductor current. Based on SF}, and dy, the gate pulses Ggr1
and Ggio could be generated (as shown in Fig. 6). With the
same power balancing control strategy applied to all PBUs, the
equivalent output power of SM#1-SM#n can be automatically
balanced in the steady state as

euk=0k€1fv(n—l) Pi/:P/'

! i,j€l~mn.

(14)

C. Operation Principles of SMs

Normally, the SMs are operated in the MPPT modes, in which
the phase-shift control is used to regulate the input voltage and
current on each PV port. The gate pulses G,1—G 4 (for Sk1—Sk4,
respectively) and voltage wu¢y on the primary side of HF trans-
former are shown in Fig. 7. For SM#k, the relationship between
the average input and output voltage, U, and Uy, in the steady
state can be approximately derived as

Ukm(l—gpk/ﬂ)NUpv,k (15)



1626

i, (1) =]

MPPT
Uy () > Algorithm

%1 / output saturation

E JL pwMm pulse

(D)

PWM Generator

Fig. 8. Control strategy and modulation of H-bridge SMs.

where @y, is the phase-shift angle of SM#k and N is the turn-
ing ratio of HF transformers in each SM. For the accuracy
and response speed of MPPT control, a variable step-size P&O
algorithm [28]-[31] is adopted. The detailed algorithm of this
method is expressed by (16)—(19), with a special variable « in-
troduced for the dynamic regulation of MPPT step size.

Ap:upv—k(t)ipv—k(t)_Upv—k(t - 1)ipv—k(t - 1) (16)

Au=upy k(1) — Upy—i(t — 1) (17)
K Ap/Au > K
a=1< Ap/Au |Ap/Au| <K (18)
-K Ap/Au < —K
u;'u—k:(t) :u;v—k(t - 1) =+ OéAUref (19)

where K is a positive constant, Au,es is the base value of
MPPT step size, « is the step-size coefficient, wuy, (¢ — 1) and
Upy—r (t) are the input voltage of SM#k in control cycle 7 — 1 and
t, respectively. i,k (¢ — 1) and 4, (¢) are the input current of
SM#k in control cycle t — 1 and ¢, respectively. Ap and Au are
increments of input power and input voltage in SM#k. w,, (t)
is the reference of input voltage in control cycle 7.

The complete control diagram of SM#k is shown in Fig. 8 for
reference.

D. Protection and Emergency Control Under Fault Conditions

As one aspect of topology analysis, the basic protection and
emergency control principles under different fault conditions are
explored in this part. As shown in Fig. 9, following three types
of the faults will be considered.

1) Fault Type 1 (FT.1): Faults on the input ports or capacitors

of SMs.

2) Fault Type 2 (FT.2): Faults on the output ports or capacitors

of SMs.

3) Fault Type 3 (FT.3): Faults on the PCC of MVdc grid.

FT.1: If FT.1 occurs on SM#k, fault current will be injected
to the fault point by Ci,_. Due to the unidirectional power flow
characteristic of SMs, no power could be fed to the fault point
from the MVdc side. In this condition, dc breaker BR,,,_, will
be opened to disconnect PV#k from the fault point while the gate
pulses in SM#tk (G1—Gr4) will be blocked. As a result, Py, will
drop to zero. But the differential power will be compensated by
PBUs immediately to keep the converter working normally.
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Fig. 9. Typical fault conditions in the proposed system.

FT2:1f FT.2 occurs on SM#k, fault current will be injected to
the fault point by C',_j,, PBU#k, and PBU#(k — 1), which means
that both PV#k and the MVdc grid feed power to the fault point.
In this condition, all gate pulses in SM#k, PBU#k, and PBU#
(k — 1) will be blocked immediately to suppress the fault current.
When the discharging current from C,_, drops to an appropriate
level, the contactors C'Ogp 1, COpbu—k> and COppy— (x—1) Will
be opened to isolate the fault part from the converter system.
Meanwhile, the bypass switch that is parallel to SM#k will be
closed to bear the output current of the series-connected system.
By this way, the remaining part of the converter could remain
working to ride through the internal fault. Without PBU#k and
#(k — 1), the equivalent output power of the remaining SMs can
only achieve local equalization as

P =P

A pdjEel~(k=1)ori,je (k+1)~n.

(20)

FT.3:If FT.3 occurs, fault current will be injected to the fault
point by both the IIOS converter and MVdc grid. In this condi-
tion, the gate pulses in all SMs and PBUs will be blocked im-
mediately to stop injecting current and power to the fault point.
Once the discharging current from the SMs’ output capacitors
drops to an appropriate level, the contactors C'Ogy,—1—C'Ogm—p,
and COppy—1-COppy—(n—1) Will be immediately opened. The
breakers BR,,_1—BR,,_, will also be opened to isolate the
PV arrays.

III. DESIGN OF MAJOR PASSIVE COMPONENTS

The PBU inductance and output capacitance of SMs could be
designed according to the boundary operation conditions.

For n-port IIOS dc—dc converter that contains n SMs and
(n — 1) PBUs (shown in Fig. 3), the rated output voltage and
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power of each SM, Uy, and P, 4 could be expressed as

Ve , _ P

Uns = Pns = (21)
n

where Ug and P, are the rated output voltage and power of the
entire IIOS converter.

Since all the PBUs and SMs in IIOS converter are supposed
to have the same parameters, PBU#k and SM#k could be taken
as examples for the design of passive components.

A. Estimation of Differential Power

Neglecting the power losses, the output power of SM#k is
equal to the input power on kth PV port as

P, = va—k~ (22)

It is obvious that the steady-state differential power trans-
ferred through PBU#k (A Py) is fully determined by the input
power on PV ports #1—#n. From (12) and (22), the balanced
output power in the steady state could be derived as

1 n
p{:pé:...:pézﬁpr%i, (23)
=1

Consider SM#1-SM#k along with PBU#1-PBU#(k — 1) as a
generalized node in the circuit, A P}, can be derived as

k k k n
API@ :prvfi_zpli :prvfi_ gzppvfb
i=1 i=1 i=1 i=1

(24)
Let X to be the equal of k/n, (24) can be expressed as
k n
AP, = (1—1) ZPPH — Z P . (25)
i=1 i=k+1

Because 0 < P,,_; < P, it can be derived from (25) that
7)»(71 - k)Pns < APk < k(l - )‘)Pns- (26)

Therefore, the maximum power transferred through PBU#k,
|A Py | max, can be calculated as

APkl ax =k (1 —k/n) Pos =41 (1 = 1) P,
A=k/n, k=1,2...,n—1. 27
For 0 < A < 1, it could be derived that
d|APy|
——max — . 28
0 - (28)
So, we can have
1
‘Apk|max S |APk|rnax|)\:% = ZP" (29)

Equation (29) can be used as a reference for the design of
passive components.

B. Determination of the Minimum Inductance in PBU

Inductor Lj in PBU#k could be designed according to the
limit of inductor current ripple. With the maximum differential
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power |APy|max transferred, the peak value of i1y could be
expressed as

1Lk | max = MLk max (1 + 0.5€;) (30)

where |I1x|max and ¢; are the average value and peak-to-peak
ripple ratio of 71 i, correspondingly. Considering the current limit
of Qx1 and @2, denoted by /.., We can have

1Lk | max < Tmax- 31

Therefore, with (9) and (29)—(31), the upper limit of €; could
be derived as
. < Woln
- nP,
With ¢; determined by (32), the minimum value of L; could
be derived from (5), (9), (21), and (29) as

U2
L,>— -G
b= gin2fspn

where f, is the switching frequency of PBU.

-2 (32)

(33)

C. Determination of the Minimum Output Capacitance in SM

The output capacitance in SMs can be designed according to
the limit of output voltage ripple ratio. As shown in Fig. 10(a),
it can be derived from KCL that

ANipq1 +ig g —Nig, — Iy — i =0 (34)

where Ai_q is the instantaneous current injected to C,_j by
PBU#(k — 1); A1, is the instantaneous current drawn from C,,_y,
by PBU#k; i, is the instantaneous output current of SM#k; I,
is the output current of IIOS converter, which could be regarded
as a constant in one switching cycle. i¢ is the instantaneous
value of charging/discharging current of C,,_. With charge bal-
ance principle applied, (34) can be derived as

1 n
Aly 141, Al =I,=—S "P.., (35
-1+ Lok k UG; v (35)

where Al 1, Aly, and I, are the average value of Aiy_1,
Aiy, and i,_j in one switching cycle.

The maximum value of peak-to-peak voltage ripple Auy
could be estimated in the worst condition that PBU#(k — 1)
and PBU#k are modulated with reverse-phase carrier waves, as
shown in Fig. 10(b).
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Assuming that the SMs are operated under the same switching
frequency (fs) as the PBUs, the maximum value of Aucy can
be calculated from (9), (12), (15), (21)—(29), (34), and (35).

n
Aug, oy = ——
| B k‘max 2fscokaG
k—1 k n
prvfi"_(]- _u)zppvfi —u Z vafi
i=1 i=1 i=k+1

u=(2k—1)/n. (36)

With mathematical techniques, it can be derived from (36)
that

n—1)P,
|Au€k |Inax S ( ) .
4f s Co— k UG
Thus, the minimum value of C,_},, can be determined accord-
ing to the limit of output voltage ripple, expressed as
n(n—1)P,
4ryo fs Ucz;

(37

Cok 2 (38)

where 7, is the peak-to-peak ripple ratio of the output voltage
in each SM.

D. Restriction of LC Resonant Frequency

In order to prevent the series LC resonance between C,_j, (or
Co—k+1) and Ly, the resonant frequency f,_; must be lower
than the switching frequency of PBU as

M

fs>Mfr7k:m (39
where M is the margin factor. Thus, we can have
2
LpCoy > szsz (40)

As a result, Lj, and C,_j, could be designed together under
the restrictions of (33), (38), (40).

E. Determination of the Minimum Input Capacitance in SM

The input capacitance of SMs could be designed according
to the limit of input voltage ripple ratio. As shown in Fig. 11,
the peak value of steady-state input current Ij,_j could be
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Analysis of Application Scenario
* Determine the basic converter parameters Ug, Pp, 1, Upy_mpp

I

v

!

Design of Active Switches
* Determine the voltage and current level|
required for
Sij i=1~n,j = 1~4in SMs
Qy i=1~(n—1),j = 1~2in PBUs
* Determine the switching frequency f

Design of HF Transformers and Diodes

* Determine the turning ratio N

* Determine the voltage and current level
of Dyj i =1~n,j = 1~4in SMs

* Determine the steady-state phase shift
angle @y, based on Eq(14)

L |
]

Selection of Key Design Parameters for the Main Circuit
* Determine the maximum input and output voltage ripple ratios for SMs 1y, T4
* Determine the maximum inductor current ripple ratio in PBUs, &;, based on Eq(30)
* Determine the margin coefficient to avoid resonant, M

]

Design of Major Passive Components
oF,
2znr, fsb; -
* Determine C,_j k = 1~n, L, k = 1~(n — 1)with the restrictions of Eq(33)(38)(40), as|

« Determine Ciy,_j k = 1~n with Eq(43),as C,_, >

Lz—Ye_ ¢ 2200 e, M
sn’f.p, 41, /Us ha
Fig. 12.  Flowchart for the circuit design of IIOS converter with PBUs.
derived as

7T-va7k

—_ 41
I P— @b

Iin_r =

Assuming that PV #k is working on its MPP voltage with
the rated output power, the peak-to-peak value of input voltage
ripple could be calculated as

SDkTsPns

_ 42
27rCinfk Up'u—mpp ( )

|AuCin*k|max -
As a result, the minimum value of C},,_j, can be determined

according to the limit of input voltage ripple as

P,
- > Prtn
2mnryi fs

G (43)

Uv-mpp
where r; is the peak-to-peak ripple ratio of the input voltage in
each SM.

FE. Specification Definition of [0S Converter

With the principles discussed in Section III-B—Section III-E,
the process of circuit design can be summarized by a flowchart,
as shown in Fig. 12. A 400 kW IIOS converter containing eight
SMs and seven PBUs is designed as an example for further
analysis with its detailed parameters listed in Table 1.

IV. POWER EFFICIENCY ANALYSIS

Since power efficiency is the one of the main concerns of
distributed PV generation system, it is necessary to analyze the
power losses in PBUs and SMs. In this section, a quantitative
analysis for different kinds of power losses will be performed in
the steady state to estimate the panel-to-grid power efficiency of
the proposed IIOS converter.

Without loss of generality, PBU#k and SM#k are taken as
examples for the calculation of power losses.
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TABLE I
SPECIFICATIONS OF DEFINED 400 KW IIOS CONVERTER

Parameters Values
MVDC grid voltage Ug 6 kV
Converter rated power Py 400 kw

Number of SMs n 8
PV arrays connected to input-ports

Maximum power 50.4 kw
Panels in series 15
Strings in parallel 11
MPP voltage Upy-mpp 820.5V
H-Bridge SMs (SM#k)
SM rated power Pus 50 kw
Rated output voltage Uns 750V
Input voltage range of PV-ports 550 V=850V
Output capacitance Co-k 350 uF
Intput capacitance Cin-k 150 uF
Switching frequency fs 10 kHz
high frequency transformer turning ratio N 1.5
Peak-to-peak output voltage ripple ratio rve 5%
Peak-to-peak input voltage ripple ratio rvi 1%

1700 V/150 A
1700 V/140 A
1.2 rad

Active switches(IGBT)
Fast recovery diodes
Steady-state phase-shifi angle gk
PBUs (PBU#k)

Switching frequency fs 10 kHz
margin coefficient to avoid resonant M 5
Peak-to-peak current ripple ratio & 25%
Inductance Lk 0.6 mH
Active switches(IGBT) 3300 V/450 A

A. Calculation of Power Losses in PBU#k

For PBUs, the power losses consist of switching losses, con-
duction losses, and inductor losses. Following analysis is per-
formed with the assumption that PBU#k is operated in Mode 1,
as defined in Section II-B. For Mode 2, the same results could
be obtained.

1) Switching Losses of Q1 and Qi From circuit analysis
in Section II-B, the switching actions of Q1 and Qx> can be
summarized as follows:

1) Qg1 turns ON and OFF once in every switching cycle, while
the corresponding switching voltage and current are 2U,q
and irx, respectively.

2) Qg2 is kept OFF during the whole cycle, while the reverse
recovery losses of its anti-parallel diode occurs at the volt-
age of 2U 5 and the current of 7y .

According to the above analysis, the total switching losses of

both Q1 and Qg2 in the steady state, Psw_ppu-_, could be
calculated as

1 /T* 2Uq fs
Ts 0 nUrefl-[refl

X (itkFEon1 + ik Eosi1 + iLcEprECT) dt
(44)

Psw_pBu-r =

where Eon1, Eog1, and Epreci are the turn-ON, turn-OFF, and
reverse recovery energy of Q1 and Qo; Uyer1 and Iiep1 are the
reference values for the switching voltage and current of Qg
and Q2. All above parameters can be referred to in the datasheet
of power semiconductor devices.
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From (9) and (44), it can be derived that
4|AP| fs

(Eon1 + Eosi1 + Eprect) . (45)
Urefllrefl

Psw_ppu-1 =

2) Conduction Losses of Qi1 and Qpe: For a specific
switching device, the average conduction losses during a switch-
ing cycle, Pcon, can be expressed by

Pcon = IaveUon + Iiys Ron (46)

where Upy is the ON-state voltage of both switching device
and its antiparallel diode. Roy is the ON-state resistance of both
switching device and its antiparallel diode. /oy and Ixng are
the average value and rms value of the steady-state current that
flows through the switching device, respectively.

According to the analysis in Section II-B, the conduction
losses of Qg1 and V Dy, Pocon-PBU-%-1 and PcON-PBU- k-2,
can be calculated as

Pcon-PBU-k-1 = PcON-PBU-k-2

1 1
= —IUon1 + §IEkRON1 47

2
where Uoni and Rong are the ON-state voltage and resistance
of Qi1 and V Dy.
From (9) and (47), the total conduction losses in PBU#k,
Pcon_pPBU-_k, can be derived as

2nUon1 4n®Ront
U Uz

3) Power Losses of Inductor Lj: The inductor losses in
PBU#k usually include core losses and copper losses. Since the
core losses are usually affected by magnetic materials, geome-
tries, and working conditions, it needs a complex estimation
with empirical formulas [32], [33]. Here, it is noted that only
the steady-state copper losses, ILx—copper, are discussed. With
the average inductor current Ity and parasitic resistance rpy,
we have

Pcon-pPBU-k = |AP| + |AP*. (48)

4n2r

2 Lk 2

Prx—copper = If Lk = 2 —|AP|
G

Thus, the total power losses of PBU#k can be estimated as

Pioss_pBU_k = A1 |AP| + As| AP |? (50)

(49)

where A; and A, are the power loss coefficients of PBU, which
could be determined by (45), (48), and (49).

B. Calculation of Power Losses in SM#k

For SMs, the power losses consist of switching losses, con-
duction losses, capacitor losses, and transformer losses, which
are analyzed, respectively.

1) Switching Losses of Sk1—Sk4 and Dy,1—Dy,4: From circuit
analysis in Section II-C, the switching actions of Sy1—Sk4 and
Dj1—Dp4 could be summarized as follows.

1) For Sj1 and Sis, each of them turns ON once in the ZCS
mode and turns OFF once in the hard switching mode dur-
ing every switching cycle. For hard switching mode, the
corresponding switching voltage and current are 1y,
and I;,_, respectively.



1630

2) For Sj3 and S}4, each of them turns ON once in the hard
switching mode and turns OFF once in the ZCS mode dur-
ing every switching cycle. For hard switching mode, the
corresponding switching voltage and current are
and [;,,_, respectively.

3) For Dy1—Dyy, all of them are turned OFF naturally with
a zero voltage, thus no reverse recovery losses are intro-
duced during the operation.

4) Thus, the total switching losses of SM#k in the steady
state, Psw_sm-—k, could be calculated as

27Tfspp1;—k
™ — Spk) Uref2Iref2

(EonZ + EoffZ)
(5D

where E, 2, Eofro are the turn-ON, turn-OFF energy of Si1—Sk4;
U2 and I, are the reference values for the switching voltage
and current of Si1—Sk4.

2) Conduction Losses of Sy1—Sk4 and Dy1—Dy4: According
to the analysis in Section II-C, the total conduction losses of
Sk1—Sk4, Pcon—sM—k—1, can be calculated based on (46), as
follows:

Psw_sm-k = (

2UON2 271'RONQ

PCON—SM—k’—l = 7Pp1)—k + —P2 —k
Upy—k (m—r)ud, , P
(52)
where Upnz and Rone are the ON-state voltage and resistance

of Skl_Sk4~
With the same method, the total conduction losses of
Di1—Dy4, Poon—sm—rk—2, can be calculated as

2nUonN3

2% Rons
2
Peon—sMm—k—2 = ———FPpo—i P
Ug

(m—ox) UG 7"

(53)
where Uons and Rons are the ON-state voltage and resistance
of Dk1—Dk4.

3) Capacitor Losses of Ciy,—i and C,_j: From the circuit
analysis in both Sections III-E and III-C (as illustrated in Fig. 9
and Fig. 10), the rms values of input capacitor current, ici,_,
could be derived as

<Z > vafk Pk
cin—k = T\ -
mms Upy—k T = Pk

For the convenience of calculation, the current transferred by
PBU#k and #(k + 1) are neglected in the estimation of capacitor
loss on C,_y, thus the rms value of i could be derived as

(54)

. anvfk Pk
Tek Aijp1=0 = . (55)
(e s Aip=0 Ua T — Pk

Thus, the capacitor losses of Cj,_, and C,_j could be
derived as

PCinfkfloss = <icin7k>3ms Tesrl PCofkfloss = <ick>§{MS Tesr2

(56)
where .1 and 7.2 are the equivalent series resistance of each
input and output capacitor in SMs, respectively.

4) Transformer Losses: The transformer losses in SM#k in-
clude core losses and copper losses. The core losses Pk core
could be estimated by Steinmetz formula with related param-
eters on the datasheet of magnetic material [34]. The copper
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TABLE II
COMPARISON OF OPERATION RANGE

Range of PMF for Range of input voltage
Topo. each SM
Topo.1 [0,n] [U/(nN).U 0]
Topo.2 [0, nu:;c/UG:| [0 /N U s ]
Topo.3 [0,nUg, /U] [UG (7 - 2a, )/(nN;r),Up‘,m\]

losses could be calculated according to the rms value of the
input current ¢y on the primary side of HF transformer as

WRtkP2 —k
Pixc—copper ~ (it s Bk = ——L5—  (57)
(ﬂ— - QD]@) upv—k
where Ry is the equivalent resistance of the winds in HF trans-
former.
Thus, the total power losses of SM#k can be estimated as

ljlossfstk = BIvafk + BQPp2U7k + PCofkfloss + Ptkfcore

(58)
where By and B are the power loss coefficients of SMs, which
are determined by (51-53) and (56-57).

C. Approximate Estimation for Power Efficiency

With the analysis of power losses in both Sections IV-A and
IV-B, an approximate estimation for the power efficiency of the
proposed IIOS converter with PBUs could be performed as

n n—1
Zi:l -Plossfsti + Zj:] ]DlossprUfj
- n
21':1 Ppu—i

in which 7 could be considered as a function of P,,_; (i =
1—n).

n=1 (59)

V. COMPARATIVE STUDY

In this section, the proposed topology (Topo.1) will be com-
pared with the IIOS topologies presented in literature [16]
(Topo.2), and [19] (Topo.3) from the aspects of operation range,
topology complexity, component stress, and power efficiency.

A. Comparison of Operation Range

For each SM (e.g., SM#k) in an IIOS converter that contains
n SMs, the power mismatch factor (PMF) can be introduced to
characterize the degree of power-mismatch phenomenon as

va—k
1 n
n Zi:l vafi

If PMF;, = 1, there is no mismatched power for SM#k; with
0 < PMFj < 1, SM#k is operated below the average power;
with 1 < PMF}, < n, SM#k is operated above the average
power. The larger the deviation of PMF;, from 1, the higher
the degree of power mismatch for SM#k.

In Topo.1-3, the possible ranges of PMF and input voltage for
each SM have been calculated based on their working principles,
as listed in Table II.

PMF, = € [0,n). (60)
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TABLE III
COMPARISON OF TOPOLOGY COMPLEXITY

Components Topology Type
Topo.1 Topo.2 Topo.3
switches 6n-2 6n 4n
diodes 4n 4n Sn
capacitors 2n 2n 3n
inductors n-1 0 2n
HF transformers n n n
TABLE IV
COMPARISON OF COMPONENT STRESS
C N Topology Type
v Topo.1 Topo.2 Topo.3
us=Upv-max us=Upv-max us=1tUpv-max/ (70-20m)
Switches” 1=Pul (0 *Upy-mpp) =P/ (n*Upy-mpp) i5=Po/(n*Upy-mpp)
num=4n num=4n num=4n
us=2Ug/n ws=u"de
Switches” is=n*P,/(2Uc) i=Py/Ug none
num=2n-2 num=2n
us=2Ussmad/ N
Diodes" none none i5=Pu/(n*Upv-mpp)
num=n
us= N*Upv-max us= N*Upy-max Us=N*Upy-max/ (-20tm)
Diodes® ii=P./Uc i=Pu/(n*u"ac) is=P,/Us
num=4n num=4n num=4n
Capacitors” U= (éﬂ*-max U= l{pv—mar us= I{S'M-rnax/N
num=n num=n num=2n
Capacitors® u‘:U_c/n u\\:u:,a u::U_G/n
num=n num=n num=n
Inductors” none none b= IE/(” *Uprmop)
num=2n
Inductors® l.\:nf_’”/(Z Uo) none none
num=n-1

Note: I. A and B denote the components on PV side and grid side, respectively
I u s UsM-max> Upv—max, @m and N have the same definition as Table II.

where

Ude is the reference value for dc-link voltage in Topo.2,
ul. > Ug/n

Usm-max 18 the max. output voltage of SMs in Topo.3,
USMfmax > UG/?’L

Upv—max  1s the maximum output voltage of PV arrays

Qi is the maximum shoot-through angle in 7opo.3

N is the turning ratio of HF transformer.

B. Comparison of Topology Complexity and Component Stress

With the assumption of n SMs, the topology complexity of
Topo.1-3 can be compared by the total number of active and
passive components, which can be referred to in Table III. It
should be noted that SM in Topo.2 is the “half-bridge chopper
with full-bridge MPPT converter.” [16] The component stress is
also a major concern in the design of converters, which affects
the sizing and cost of hardware. The voltage and current stress,
us and 74, for major components in 7opo.1-3 are calculated and
listed in Table IV for reference.

C. Comparison of Power Efficiency

The power losses in Topo.l have been investigated in
Section IV. The similar methods could be used to estimate the
power losses in Topo.2 and Topo.3.

The 2-SMs converters with Topo.1-3 are considered as the
examples for the calculation of power efficiency. For Topo.1, the
H-bridge SMs and half-bridge PBUs are designed as Table I. For
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Topo.2, the parameters of H-bridge MPPT converters and half-
bridge dc-MMC are designed with the same output voltage and
rated power as Topo.1, according to [16]. The gZSDC SMs in
Topo.3 are also designed with the same output voltage and rated
power according to [19]. The turning ratio N in Topo.1-3, u* 4.
in Topo.2 , Usn —max and a,y, in Topo.3 are all selected with the
consideration of both input voltage range and PMF range.

The relevant parameters in 7opo.1-3 are selected as
Tables III and IV. Besides, the SEMiX155GD17E4 (1700 V/
150 A) and SKM450GB33F (3300 V/450 A) IGBT modules
are used as active switches in Topo.1-3, while the SKN140F17
(1700 V/140 A) fast-recovery diodes are used as passive
switches. All the HF transformers are designed with the same
materials and similar geometries.

An approximate numerical calculation of power efficiency
for the 2-SMs converters with 7opo.1-3 is conducted with the
assistant of MATLAB. The relationship between converter effi-
ciency and the input power, P,,_1 and P, _2, are presented in
Figs. 13(a)—(c), respectively.

To conclude, the proposed IIOS topology with H-bridge SMs
and half-bridge PBUs has a higher steady-state efficiency (es-
pecially when the mismatched power is low) and larger opera-
tion range without increasing the general topology complexity
and component stress, compared with the existing elementary
topologies.

The main advantage of the proposed topology lies in.

1) The input power is converted only once in the single-stage

isolated SMs. Only the mismatched power is processed by
the PBUs. As a result, the power efficiency could be im-
proved significantly under a balanced power input, which
is the most common condition.

2) With the assistant of PBUs, the output voltage of SMs are
decoupled from the input power on PV-ports in the steady
state, which means larger operation range and enhanced
capability to cope with the power-mismatch phenomenon.

VI. SIMULATION AND EXPERIMENTAL VERIFICATION

To validate the theoretical analysis, the system simulations
are carried out on MATLAB-Simulink platform. Meanwhile, a
down-scaled experimental prototype has also been established.

A. Simulation Analysis

A simulation model of 400 kW dc—dc converter with 6 kV
MVdc output and 550-850 V PV input has been built to verify
the performance of IIOS converter with PBUs. There are eight
SMs and seven PBUs in the simulation model. The key parame-
ters are selected as Table I. Simulations in the normal operation
conditions and fault conditions are performed to validate the
intermodule power balancing and internal fault ride-through ca-
pability of the proposed converter, respectively.

1) Normal Operation Conditions: The simulation starts from
0.05 s when the system enters a steady state. Then at r = 0.1 s
and 0.3 s, the step-changes of irradiance are introduced to ex-
cite the intermodule power-mismatch phenomenon. During the
whole simulation process, the specific irradiance values of each
distributed PV array are listed in Table V for reference.
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Fig. 13. Power efficiency of 7Topo.1-3 under different input power.
(a) Efficiency of Topo.1. (b) Efficiency of Topo.2. (c) Efficiency of Topo.3.

TABLE V
CHANGES OF IRRADIANCE ON PV ARRAYS

PV irradiance (W/m?)
Port NO.  before 0.1s 0.1-0.3s after 0.3s
1 1000 1000 300
2 1000 900 400
3 1000 800 500
4 1000 700 600
5 1000 600 700
6 1000 500 800
7 1000 400 900
8 1000 300 1000
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Fig. 14. Output voltages of SM#1-#8. (a) Output voltage of SM#1-—#4.
(b) Output Voltage of SM#5—#8.
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Fig. 15.  Inductor current of PBU #4.

The output voltage of SM#1—#4, (u;i = 1-4) and SM#5-#8,
(u;i = 5-8) during 0.05-0.45 s are presented in Fig. 14(a)-
(b), respectively. The inductor currents of PBU #4, i1 4, during
0.05-0.45 s are presented in Fig. 15.

As shown in Fig. 14, before 0.1 s, SM#1—#8 are operated in
the steady state with equal input power and equal output voltage
(750 V).

At t = 0.1 s, the step-changes of irradiance with different
amplitudes are applied to the PV arrays. With the input power
exceeding the average value, SM#1—#4 have ridden through a
transient over-voltage (Au,,,; = 100V, Ar; = 95 ms) before
the intermodule power mismatch is eliminated by PBUs. On the
contrary, a transient under-voltage (Au),;, = —82.5 V, Aty =
95 ms) has been observed on SM#5-#8. In this process,
the average inductor current of PBU #4 has increased from
0to 110 A.
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TABLE VI
IRRADIANCE ON PV ARRAYS

PV Port NO. irradiance (W/m?)
1~4 800
5~8 900

u(t)/V i=2,3,7,8
950 +

Au,
9001
850+ At;=150ms
Au,
800+ /A\% B
e e e T
430 Dusnasn IR 641166

700 t +
0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60

t/s

Fig. 16.  Output voltages of SM#2/3/7/8.

At t = 0.3 s, the intermodule power-mismatch phenomena
is introduced again by changing the irradiance on PV arrays.
With the input power below the average value, SM#1—#4 have
ridden through a transient under-voltage (Au,,,o = —155V, Aty
= 110 ms) before the power mismatch is eliminated by PBUs. On
the contrary, a transient over-voltage (Au/,, = 135V, Aty =
110 ms) has been observed on SM#5-#8. In this process, the
average inductor current of PBU #4 has changed from 110 to
—105 A.

The simulation results are in good agreement with the theo-
retical analysis.

2) Fault Conditions: The simulation starts from 0.20 s when
the system enters a steady state. Then at t = 0.25 and 0.45 s,
FT.1 and FT.2 (as the faults type defined in Section II-D) are
introduced to SM#5. During the whole simulation process, the
irradiance values of each distributed PV array are listed in Ta-
ble VI. The output voltage of SM#2/3/7/8, (u;i=2,3,7,8)
during 0.20-0.60 s are selected to be presented in Fig. 16.

As shown in Fig. 16, before 0.25 s, SM#2/3/7/8 are operated
in the steady state with equal output voltage (750 V) in spite of
the different irradiance on corresponding PV arrays.

Att=0.25s, FT.1 occurs on SM#5 and the relevant protective
control strategy is activated. With the output power of SM#5
dropped to zero, SM#2/3/7/8 have ridden through a transient
over-voltage (Af; = 150 ms) before the mismatched power is
eliminated by PBUs.

Att=0.45 s, FT.2 occurs on SM#5. With the relevant pro-
tective control activated, PBU#4 and 5 are cutoff from the con-
verter system together with SM#5. With only seven SMs, the
output voltage of all remaining SMs will increase from 750 V.
After a transient process (A2 = 100 ms), the equivalent output
power of SM#1—4 and SM#6 and 7 are locally balanced. With
a relatively higher input power, the output voltage of SM#7 and
8 (u7 and ug) increase to 916 V (Au; = 166 V), while the
output voltage of SM#2 and 3 (uo and ug) increase to 814 V
(Auy = 64 V) with a relatively lower input power.

The simulation results are in good agreement with the theo-
retical analysis.
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Fig. 17.  Experimental setup of 3-SMs I1OS converter with 2 PBUs.

TABLE VII
DOWN-SCALED EXPERIMENT UNDER THE STEADY-STATE CONDITION

Parameters Values
Number of SMs n 3
Number of PBUs n-1 2
PBU Inductance Ly & L2 1.5 mH
SM output capacitance Coa & Co2 & Co3 3000 uF
SM input capacitance Cin1 & Cin-z & Cin-3 3000 uF
SM & PBU Switching frequency fs 10 kHz
Grid voltage Ug 120V
Rated output voltage of SMs Uns 40V
Input MPP voltage Upv-mpp 30V
Input power Ppv1 180 W
Input power Ppy.2 120 Wto 240 W
Input power Ppy.3 180w

Switching devices

SKM75GB063D(600 V/75 A)

B. Experimental Validation

For further validation of theoretical analysis results, the pro-
posed topology and control strategies have been tested on a
down-scaled experimental setup, which is composed of four pro-
grammable dc power supplies and one IIOS converter that con-
taining three H-bridge SMs and two PBUs, as shown in Fig. 17.

Three Chroma 62150H dc power supplies are operated in their
controlled-current-source mode to serve as PV simulators, while
the Myway pCube is operated in its constant voltage mode with
bidirectional power flow to simulate the dc grid. Each of the
specially designed converter modules consists of three indepen-
dent half-bridge arms, two of which compose an H-bridge, while
the third arm is used as PBU. HF transformers with turning ratio
N =2 are used for voltage step-up and isolation. The parameters
and conditions in experiment are summarized as Table VII.

During the experiment, the input power P, and P, _3 are
kept at 180 W while P,,_» go through a step change from 120
to 240 W. In this process, the related waveforms are recorded as
Figs. 18-21, respectively.

As shown in Fig. 18, with the input power of SM#2, P, o,
stepping up from 120 to 240 W, the input current of SM#2,
1py—2 increases from 4 to 8 A. During this procedure, the output
voltage of SM#1-3 (u1, us, us) are kept around the rated value
U,s = 40V without significant deviation.

In Fig. 19, the inductor currents of PBU#1 and #2, iy
and iro are presented along with 7,,_o. In the initial state
(Ppy—1 = 180W, P,y_2 = 120W, P,,_3 = 180 W), the aver-
age currents in Ly and Lo, 11 and I3 are 0.875 and —0.875 A,
which means that the power transferred by PBU#1 and #2 are
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Fig. 18.  Output voltage of SM#1-3 and input current of SM#2.
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Fig. 19.  Inductor current of PBU#1-2 and input current of SM#2.

Tek Prevu

ury [25V/div |_‘

time [40us/div]

Fig. 20.
in PBU#1.

Zoomed-in waveforms of steady-state inductor current and voltage

17.5 and —17.5 W, respectively. After P,,_o steps up from
120 to 240 W, which means the average value of 4,,_2 (Ipy—2)
increases from 4 to 8A, a new steady state is achieved with
I = —0.875 A and I = 0.875 A, in which the power trans-
ferred by PBU#1 and #2 are —17.5 and 17.5 W, respectively.
Considering the power losses, we can see that the steady-state
equivalent output power of SM#1-3 are kept balanced.

The zoomed-in waveforms of steady-state inductor current
11,1 and inductor voltage w1 in PBU#1 are shown in Fig. 20. It
could be seen that the waveform of uy; is symmetrical square
wave with a duty ratio of 0.5 and 80 V peak-to-peak value. For
ir1, the average value I7; = 0.875 A while the peak-to-peak
value Aip1 = 1.74 A.

In Fig. 21, the input voltage u,,—1 and output voltage u; of
SM#1 are presented, respectively. It could be seen that u,,_ is
kept at 30 V (Upy-mypp) With the regulation of SM#1 while u;
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Fig. 21.

is kept at 40 V (U,s) with the assistant of PBUs. Besides, the
primary side transformer voltage wu;; is also presented.

To summarize, all the experimental results are in good agree-
ment with the theoretical analysis.

VII. CONCLUSION

In this paper, a novel topology of IIOS-connected-modular
dc—dc converter that consists of isolated SMs and intermodule
PBUs is proposed. The working principles in both normal and
fault conditions are investigated. The major passive components
could be designed according to the boundary operation condi-
tions. A comparative study has been conducted based on the
quantitative and qualitative analysis of operation range, topology
complexity, component stress and steady-state power efficiency.
It has been verified that the proposed topology has several ad-
vantages to serve as the interface for multiport MVdc integration
of distributed PV, which could be summarized as follows.

1) Strong capability to cope with power mismatch.

2) High power efficiency.

3) High voltage conversion ratio for MVdc applications.

Through system simulation and down-scaled experiments, the
performance of the proposed topology and control strategies are
tested in various conditions for validation.

The proposed topology has a potential industrial application
value in the scenario of future MVdc distribution system with
high-penetration distributed PV. As for the next step of research,
the small-signal modeling and stability analysis of IIOS con-
verter with PBUs would be considered. Moreover, other possi-
ble topologies for the energy transfer circuits in PBUs would
be explored for higher voltage and power-level applications in
HVdc system.
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