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Abstract—The DC fast charging stations operate at megawatt-
scale power levels, drawing energy from the medium voltage
AC (MVAC) grid to reduce transmission losses. It also requires
local energy storage and the capability for renewable integra-
tion to reduce the load on the grid. Conventional solutions
use a bulky line frequency transformer (LFT) to step down
MVAC to low voltage AC (LVAC), followed by multiple AC-
DC and isolated DC-DC converters, leading to lower efficiency
especially during power flow between local storage and electric
vehicles. Existing multiport MVAC-to-LVDC converters often
rely on modular multilevel converters (MMC), which has higher
component count, or cascaded H-bridge (CHB) solutions with
additional battery storage and additional bridges for power
exchange. This paper proposes a novel CHB-based multi-port
topology that eliminates the need for additional battery storage,
additional semiconductor devices, and additional MV-insulated
transformer winding compared to an MVAC to single port LVDC
converter. The proposed modulation and control strategy ensures
the independent operation of each LVDC port, and unity power
factor operation at the grid interface. A step-by-step design for
an 11 kV two-port converter is presented, and experimental
validation is performed using a 1.2 kW laboratory-scale prototype
with an efficiency of 95.3% at rated load.

Index Terms—Medium Voltage, MVAC, Fast charging, Multi-
port, Solid State Transformer, Bidirectional, Electric Vehicle

NOMENCLATURE
MVAC Medium voltage AC
LVAC Low voltage AC
LVDC Low voltage DC
VA Volt Ampere
ISOP Input series output parallel
SST Solid state transformer
LFT Line frequency transformer
HFT High frequency transformer
MTx Main transformer
IMTx Inter module transformer
SPS Single phase shift
CHB Cascaded H-bridge
MMC Modular multi-level converter
r No. of modules connected in series
m No. of load ports
fs DC-DC stage switching frequency
T, Switching cycle period (1/f5)
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f Grid frequency

Vie Floating DC link voltage

Vg Grid voltage

é Phase shift between DAB bridges

T No. of modules combined for j** port

L; Series inductance for the IMTx for port j

P; Power flowing out of port j

0j; Phase shift between AC side bridge and DC
side bridge for the 5 port

V; DC voltage for the port j

Pryrj Net power from port j to IMTx.

I; Current flowing to the port j.

P;(s) Dynamic model of load for port j

Cj(s) Voltage controller for port j

P, Power flowing through the MTx

1:n MTx turns ratio

Lyt Series inductance for the MTx

0ij Phase shift between DC side bridges of port @
and port j

L;; Equivalent inductance between port ¢ and j
through IMTx

Py Power flow between port 7 and j through

IMTx.

I. INTRODUCTION

HE demand for electric vehicle fast charging has in-

creased due to advances in battery technology, which
reduce charging time. Currently, electric vehicle batteries are
suitable for high-power charging in the 350 - 500 kW range,
making the total cumulative power of grid-connected charging
stations reach the megawatt range, [2], [3]. This level of power
is drawn from a medium voltage (MV) grid at the primary
distribution level to minimize transmission losses and improve
system efficiency. Due to the high power demand and the
absence of a well-defined temporal load profile at the charging
station, ensuring grid stability is a challenge. Local battery

MVAC LVDC-1
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Fig. 1: A block diagram representation of upcoming MVAC
to multi-port LVDC stations catering to various DC sources
and loads with each isolated from one another.
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Fig. 2: Architecture of a line frequency transformer (LFT)
based commercial EV fast charging stations.

storage is essential to have a smooth load curve independent of
passenger arrival time to reduce the dynamic load on the grid.
In order to reduce the dependency on fossil fuel-based grids
and eliminate transmission loss, renewable energy sources can
also be integrated into fast charging stations as shown in Fig.
1.

A. LFT-based and SST-based charging stations

Modern electric vehicle fast charging stations must support
more than 100 kW power per port increasing the system power
rating [2]-[4]. Reference [4] discusses existing state-of-art DC
fast chargers available in the market. Various charging proto-
cols and charging systems, line frequency transformer (LFT)
based AC/DC charger topologies, and SST based AC/DC
module topologies are discussed in this article. LFT-based
architecture, shown in Fig. 2, is the state-of-the-art commercial
solution. The article also discusses topology configurations,
existing products, prototypes developed for SST-based EV
charging station. Different solid state transformers (SST) have
been proposed in the literature to replace the combination of
LFT and AC-DC with an MVAC to LVDC converter with a DC
bus, [5]-[10]. SST-based solutions are a promising alternative
to existing line frequency transformer based solutions due to
the following reasons,

o SST-based solutions are compact, making it more suitable
for DC urban charging stations, they have better power
density, meaning more power available in the given real
estate area [2]-[4], [11].

o Lower installation cost, with more than 40% cost reduc-
tion by elimination of bulky LV cables for high current
and the corresponding switch-gear and transformer cost
[2]-[4], [11].

o More efficient for AC-DC conversion with lower distri-
bution losses on AC side [2]-[4], [11].

o SST-based solutions can be used for meeting ancillary
requirements such as grid support, harmonic and reactive
power compensation, grid firming, voltage and frequency
support, [12], [13].

For a single port SST-based solution, isolated DC-DC
converters are required to be connected to the DC bus to
generate multiple isolated DC ports. Achieving high efficiency
remains a key challenge in these solutions as the power still
needs to flow through two DC-DC converters when energy
transfers between two DC ports (for a cause of stored energy
being used to charge a vehicle). This challenge can only be
addressed by employing an MVAC to multi-port DC converter
as shown in Fig. 1. Only a few topologies have been proposed

|MVAC to multi-port LVDC Converter|
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Fig. 3: Classification of MVAC to multi-port DC converters.

in the literature to generate multiple isolated DC ports from an
MVAC grid where all ports are isolated with high-frequency
transformers. A multi-port prototype with MV specifications
and bidirectional power flow capability is yet to be developed.

B. MVAC to LVDC Converters with intermediate MVDC

There is a class of MVAC to multi-port LVDC converters
that first converts the MVAC to MVDC followed by MVDC
to multi-port LVDC converter [14]-[18]. The first MVAC to
MVDC stage is realized either with a modular multi-level
converter (MMC) or with a two/three level AC-DC stage with
medium voltage devices. Several MVDC to isolated multi-
port LVDC architectures are proposed in the literature. Input
series output parallel Triple-Active-Bridge (TAB) converters
realize an MVDC to isolated multi-port LVDC converter in
[15]. Dual-Active-Bridge DAB converters are series connected
on the MVDC side, and a reactive (LC) branch is connected
across two adjacent MVDC side bridges for power sharing
in [16], [17]. An MMC-based half-bridge generates high-
frequency MVAC from MVDC and passes through series-
connected transformer primaries in [18]. The secondaries,
followed by H-bridges, provide each isolated LVDC port. In
[14], multiple isolated DC-DC and power-sharing converters
are used to realize the MVDC to isolated multi-port LVDC
converter. An NPC bridge is used to generate MVDC from
MVAC with MV blocking devices. These medium voltage
blocking devices are not commercially available and their
switching causes high dv/dt if the transient is not slowed
down. Another possible approach to forming an intermediate
MVDC bus from MVAC input is to use an MMC-based
converter.

Converters with intermediate MVDC have the following
disadvantages: 1) Solutions using NPC type of rectifier re-
quire MV blocking devices, which are not commercially
available. Also, the switching needs to be slowed down to
limit the dv/dt, resulting in higher switching loss. 2) MMC-
based MVAC front-end rectifiers require twice the number
of semiconductor devices when compared with CHB-based
solutions. For example, the number of devices required to
rectify an 11kV three-phase AC with devices that can form
an 800V DC bus (1.2 kV device) for an MMC with half-
bridge modules is 288 ( [111/2/(0.8v/3)] % 2 % 6 % 2), whereas
the number with a CHB full-bridge based solution is 144
([114/2/(0.8v/3)] * 3 x 4). The MMC-based solution requires
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Fig. 4: MVAC to two-port topology in [20].

a higher number of module DC bus capacitors that also need
to support fundamental frequency currents and, hence, lead to
poor power density, [19].

C. CHB based solutions

An alternative method involves initially converting MVAC
to multiple floating LVDC buses using a cascaded H bridge
(CHB) multi-level inverter, then derive low voltage DC ports
from these floating DC buses. In [20]-[22] that are CHB-
based, all the series connected modules of CHB carry the
same current as they are connected in series. Since the series-
connected modules also need to support medium voltage
AC with low voltage devices, they generate nearly the same
voltage to add up to medium voltage. This voltage generation
is done through the control of CHB, requiring all modules to
process the same amount of power, making it impossible to
generate multiple ports from multiple modules. This challenge
is overcome in [20] by proposing an interesting idea of
generating multiple LVDC ports from each floating bus of
CHB by accommodating battery storage in the intermediate
DC link. Here, the two load ports require a power of P; and
P5, and the net power P = P, + P» is drawn from the grid.
Considering a series connection of » CHB modules per phase,
each module processes a power of P/3r. The first port has a
power requirement of P; from 3r/2 modules combined after
the high-frequency transformer (HFT). This indicates that each
MV side bridge and the HFT process have a power of 2P, /3r
that is combined to form the first port. The difference in power
for each module, 2P; /3r — P/3r, is supplied by battery in
each intermediate DC link, as shown in Fig. 4. This allows
all the CHB modules to process the same amount of power,
as the battery can support different power for each port. The
inclusion of numerous battery banks in intermediate floating
DC links is an expensive solution that compromises long-
term reliability (limited number of charge-discharge cycles)
and power density.

The requirement of a battery bank in each floating DC link
was modified with a single battery bank in [21]. This solution
added an additional winding to each of the high-frequency
transformers, and these windings (of a particular LVDC output
port) are parallel connected to an h-bridge. The DC sides of
all such H-bridges are connected in parallel and supported by
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Fig. 5: MVAC to two-port topology in [21].
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a battery bank, as shown in Fig. 5. Assuming the two load
ports are loaded with powers P; and P», net power drawn
from the AC side is P = P; + P, and » CHB modules are
series-connected per phase, the power drawn by each CHB
bridge is P/3r. Since the net load power for port 1 is P, the
power supplied from the storage through the additional bridge
to port 1 is P, — P/2 = (P; — P2)/2. The power supplied
from storage to port 2 is P, — P/2 = (P, — P1)/2.

The use of a battery bank is eliminated in [22] by replacing
the battery bank in [21] with a capacitor bank. This is feasible
because the port does not require average DC power transfer
(P,—P/2+P,—P/2 = P+ P,— P = 0). However, [22] has
the following disadvantages. 1) For each LVDC output port,
an additional H-bridge is required. 2) The additional winding
in each high-frequency transformer requires medium voltage
isolation.

D. Comparison with CHB based solutions

The proposed solution overcomes both of these limitations
by introducing a multi-winding transformer that requires only
low-voltage isolation. The proposed solution is compared with
other CHB-based solutions, and this is summarized in the
table. 1.

An 11kV 400kW system is considered for comparison with
two DC ports of 200kW each. The number of modules series
connected per phase with 1200 V intermediate DC link is
12 to support 11kV MVAC grid. These intermediate DC bus
voltages are controlled by the CHB stage and there is a
requirement of 36 (12 x 3) voltage sensors to measure each
of these voltages. In addition to DC link voltages, it is also
required to measure three phase voltages for the control of
CHB stage. To control DC output voltages, there is also a
requirement of two output voltage sensors, making the total
count to 41 (36 4+ 3 4+ 2). For the solutions [21], [22] there is
an additional port which also needs to be sensed, making the
total count to 42 for these solutions. For the control of CHB
stage there is a requirement to sense three phase current and
for the control of output port, there is a requirement to sense
the output current making to current sensor count to 5 (3 4 2)
for the proposed solution and the solution proposed in [20].
However, for the solutions proposed in [21] and [22] this gets
increased to 6 as the auxiliary port current also needs to be
sensed.



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS , VOL. XX, NO. XX, XX

TABLE I: Comparison of CHB-based MVAC to multi-port DC converters. 11kV grid voltage and two DC ports of 200 kW
are considered for comparison. The number of devices on the CHB and AC side remains the same for all the solutions at 288.

Reference DC side Additional Semiconduc'tor Number of Number of No. of MV. in;ulated Magnetic.
Device count  Battery bank VA (per-unit) voltage sensor  current sensor HFT winding VA (per-unit)
[20] 8 Yes 14.3 41 5 72 14
[21] 16 Yes 18.2 42 6 108 2.1
[22] 16 No 18.2 42 6 108 2.1
Proposed 8 No 14.3 41 5 72 2.1

The number of devices on the CHB stage and AC side
bridge remains the same for all the solutions. Each AC-DC
stage consists of 4 devices, with 12 modules connected in
series per phase; the total number of devices in the CHB stage
is 144 (4 x 12 x 3). Similarly, each AC side bridge is realized
with four devices, making the total device count in the AC
side bridge 144 (4 x 12 x 3). Each DC side bridge consists
of 4 devices, and there is a bridge dedicated to each port. For
the proposed solution and the solution proposed in [20], the
DC side device count is 8. Solutions proposed in [21] and
[22] there are two additional bridges required to connect to
the auxiliary port, making the DC side device count 16. The
maximum current through the device and the blocking voltage
are the same for all the solutions.

There are 12 high-frequency transformers per phase that
require medium voltage insulation, making the MV-insulated
transformer count 36. The solution in [20] and the proposed
solution have two-winding transformers, making the number
of medium voltage insulated winding 72. However, the so-
lutions proposed in [21] and [22] require a three-winding
transformer, where the third winding is connected to the
additional bridges feeding the auxiliary port. This makes the
total MV insulated winding count 108. Per-unit magnetic VA
is computed by calculating the sum of the product of RMS
voltage across the transformer and the RMS current through
the transformer.

E. Contribution of the paper

A new MVAC to multi-port LVDC solution is proposed
in this paper with the following advantages. It is compared
to existing CHB-based multi-port solid state transformers, as
given in Table. I. An experimental verification of the scaled
down 1.2kW prototype is carried out with an efficiency of
95.3% at rated load.

o The topology is based on a CHB-based solution: a three-
phase cascaded H-bridge inverter followed by multiple
isolated DC-DC converters connected to the floating DC
buses created by the multi-level inverter. The output
high-frequency bridge of multiple DC-DC converters is
combined with a single H-bridge to form one of the
output DC ports. Similarly, all other DC output ports
are formed. From this perspective, the proposed topology
uses a similar architecture of the input series output
parallel single DC port SST. No additional H-bridges are
employed for multiple ports. So, the semiconductor VA
of the proposed converter is the same as the single

port ISOP SST architecture. The unbalance in power,
when different ports are unequally loaded is addressed
using a multi-winding transformer. This multi-winding
transformer is realized at the LV side and, hence, is
free of MV insulation.

e A novel modulation strategy along with the feedback
control architecture is proposed that ensures control of
output port voltages, intermediate DC bus voltages, while
drawing high-quality unity power factor (UPF) current
from the MVAC grid.

o The proposed solution does not require additional battery
storage and semiconductor devices compared to a MVAC
to single port solution.

o A systematic design procedure for the proposed solution
for an 11kV AC to 1000V two port system with a power
rating of 400 kW is discussed.

The modulation, dynamic modelling, and control strategy
of the proposed topology are discussed in the second sec-
tion. A systematic design procedure with a medium voltage
specification is discussed in the third section. This includes
converter design, design of the inter-module transformer, and
the DC side bridge design. Experimental results for a scaled-
down prototype are given in the fourth section, and the fifth
section concludes the paper.

II. ANALYSIS OF THE CONVERTER

A. Topology Description

The proposed converter architecture is shown in Fig. 6.
A multi-level cascaded H-bridge (CHB) is connected to the
MVAC side, with r series connected H-bridges per phase. r is
decided by the blocking voltage of CHB devices and the peak
of the line to neutral MVAC voltage. CHB is modulated with
a well-known phase-shifted modulation strategy that results in
power factor corrected balanced three-phase currents drawn
from the MVAC port [23]. There are m load ports; here,
we assume m < r, which is the usual case. Load port
j is connected to r; H-bridges of the CHB in each phase
through AC side bridges and high-frequency transformer, Fig.
6. r; is decided based on the rating of port j, satisfying the
relation ZT:l r; = r. A three-phase combination for port j
is done at the DC side after the high-frequency transformer
and is connected to an H-bridge interfacing a load port. These
transformers are termed as main transformer (MTX). So, for
LVDC load j port, there are 3r; main transformers. Each H-
bridge interfacing m LVDC load port is connected to a m-
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Fig. 7: Feedback control block diagram for the CHB stage.

winding transformer. This transformer is called inter-module-
transformer (IMTx), enabling power transfer between ports.

B. Modulation strategy

Phase shifted modulation strategy is adopted for the multi-
level CHB to draw sinusoidal current from the grid. DC link
voltage is regulated by the CHB to the required level in the grid
following mode as discussed in [24], Fig. 7. The voltage loop
generates the active power reference or d-axis component of
the current, and the reactive power reference generates the g-
axis component of the current. Voltage controllers generate the
required d-axis component and g-axis component of voltage
to track the respective current references. This voltage is
transformed to an abc frame, followed by CHB modulation,
to generate the required voltage on the grid side.
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Fig. 8: Switching cycle waveform of a Dual Active Bridge.

The switching strategy for the rest of the high-frequency
switched bridges indicated as AC side bridge and DC side
bridge in Fig. 6 is discussed further. For simplicity, let us

assume that there is no power loss in the converter. The dy-
namic model can be improved by incorporating the converter
losses. However, this can lead to a complex operating point-
dependent small signal model, which makes the control design
challenging. The variation in the dynamic model incorporating
the losses is minimal in the frequency region of interest, [25].
All H-bridges (AC side and DC side bridges) are modulated
to generate a square wave of a given switching frequency (fs)
to transfer the required power to the DC side. The waveform
for a DAB converter operated to generate square waveform
(single phase shift (SPS) modulation) is given in Fig. 8. From
the waveform, the power transferred from one port to the other
is expressed as a function of voltages and converter parameters
as given in (1).

AL
- 8nf.L

(2 —|al) (1)

Incorporating the magnetizing and leakage inductance of the
transformer can lead to a change in the power transfer inductor
as shown (2) based on Fig. 9.
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Fig. 9: Equivalent model of DAB with magnetizing inductance.
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This DAB operation is extended for the proposed multi-port
converter. Power requirement in load port j is P;, and the net
power requirement for all the load ports from the grid is X P;,
(5). CHB bridges and AC side H-bridges equally process this
required power. All 3r AC side H bridges transfer the same
amount of power P, given in (4).

- P @

Considering the j** group, all 3r; AC side H-bridges are
identically modulated with a phase shift of ;; with respect to
the square-wave generated by the DC side bridge connected
to j*" port. Lpsr is equivalent power tranfer inductance
calculated based on (2). This includes the series inductance
connected between each H-bridge and the main transformer,
leakage inductance of the MTx and magnetizing inductance of
MTx (there are a total of 3r; of them in j th group). Extending
(8) for the j*" group, the power transferred through 3r; main
transformers as a function phase shift and converter parameters
is given by (5). This can be represented as an equivalent DAB

shown in Fig. 10.
+
[

DC side bridge

P =

Ly =

Lairy /37

S EE F
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Y

Fig. 10: Equivalent circuit to show power transfer through the
main transformers (MTx) for the j** group leading to (5).

Since the power processed through each main transformer
is the same, but the load requirement can be significantly
different, there is power flow through the IMTx based on this
difference. The phase shift between square waves generated
by different DC side bridges determines the power transfer
through the IMTx. The schematic for power flow through
IMTx and the equivalent circuit are shown in Fig. 11. The
multi winding IMTx has a turns ratio of 1:1 ... :1. From
Fig. 11, the relation between power flow and phase shift is
derived as (6). V; and V; are DC bus voltages of port i and j
respectively. &;; is the phase shift between i‘" bridge and j'"
bridge at low voltage side. L;; is the equivalent inductance
seen between ports ¢ and j of the IMTx. The relation between
L;; and the effective series inductors per winding, from Fig.
11, is given in (7).
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1: l 01
Fig. 11: Schematic of the IMTx and the equivalent circuit.

C. Dynamic model of the plant

The switching cycle average current to the first port can be
calculated by adding the component of power coming through
the MTx and IMTx. From (5), the current from the component
of power flow through the main transformer can be calculated
as given in (8).

3r P, o 3r1 Ve

V1 o STLst MT
The power flow in other groups also follows a similar relation
with 6;; and V; for the j'" port. The current from the
component of power flowing through the IMTx from the first
port to the other ports is calculated as given in (9a) to (9e).
These relations are added to calculate the power flowing to
the first port through IMTx as given in (10a). This can be
extended to calculate the power flowing to other ports as given
in (10b) to (10f). There are only m—1 independent phase shifts
between DC side bridges as d12,...01;,...01m, and any other
phase shift between the DC side bridges can be expressed as
5,‘]‘ = 511' — 51j.

511(2 — |011]) ®)

— 1) 9a
T 8st12 12(2 — |d12]) (92)
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— = ——§ 014 9
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Py Vi
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j=2 2
NV
Ihm:%Z%ﬁ -62;(2 — |6251) (10b)
J¢2
V(012 — 615)(2 — (612 — 015)I)
=1, 10c
Z $f.La; (100
J7ﬁ2
(10d)
m—1
V.
PIMTm = Vm . |6m]|) (108)
= 8fsLmj
m—1
Vi(01m — 015)(2 = [(01m — 615)1)
= m 1
2 8f oLy (100
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From (8) and (10f) the power flowing to the load port is
Py = 3riP. — Py, and the current supplied to port 1
is Iy = P;/Vy. The voltage of port 1 is decided based on
the load current and the current flowing to the filter capacitor
as shown in Fig. 12, and the model of IMTx is highlighted.
The switching cycle average model of the converter is a static
model except for the filter capacitor.
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Fig. 12: Dynamic model of the plant for the port 1.

D. Control strategy

The static nature of switching cycle average model of the
converter from 511...5]']‘.., 612"'51j"' to III]Im is utilized
to design the controller for the proposed converter. Load
feed-forward is added to improve the transient response by
eliminating the load dependency in transients. This also helps
controller design for complex loads that are active in nature.
The non-linear static model from phase shifts to current is
inverted to simplify the voltage controller design for the plant
from I; to V;. This inversion simplifies the plant model from
I to I; as a unity gain block with an implementation delay
including one switching cycle computation delay and half
switching cycle delay for the switching cycle averaged model
as given in (11). From (11), the loop gain, including the
controller and the plant model, is given in (12), and controller
C;(s) is designed with desired gain cross over frequency and
phase margin, [26].

The calculation of phase shifts from the controller output
is discussed further. The voltage controller for the j** port
calculates the current reference I3, which is multiplied by V;
to get the required power demand. Power requirements in all
the ports are added to get the total power demand and divided
by 3r to calculate P. §;; is calculated from this P for the
§" group as given in (13) given V; and V. This is shown in
the block diagram Fig. 13.

I;/I; = 1e731%/2 (11
1

Li(s)=C.(s) e 3Ts/2. — 12
i(8) = Cils) e el (12)

- 8P nfsLyvr
b= f 1 ()=1— /1 - —<c2=22 13
217 f] () \/ Vchj ( )
Further, the phase shift between DC side bridges

012...01;...01yy, are calculated from the power flow requirement
through the IMTx. The power from the AC side through
the main transformers (3r;F,) is subtracted from the power

requirement in the load port (P;) to get the power through
IMTx for the j* port. The relation between d1; and Py
as given in (9¢) and other relations relating the power flow
through the IMTXx are inverted to calculate the phase shifts of
DC side bridge as shown in Fig. 14. This relation is a coupled
quadratic equation and will require a numerical solution if
the number of load ports is more than two.

‘/1 Vd(:
1) f=ou
‘/7 Vdc
fjfl () 5]]
‘/m, ' ‘/d(:
fnil () Omm

Fig. 13: Voltage controller and calculation of phase shifts.
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Fig. 14: Control block diagram for the power flow in IMTx.
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III. DESIGN OF THE CONVERTER
A. Preliminary Design

The theoretical design of an MVAC to two port LVDC
converter is discussed in this section for the specification given
in Table. II. For medium voltage primary distribution level in
India (11kV), peak phase voltage is 9kV (11%+/2/+/3). Going
forward with 1700V SiC devices for the CHB bridge and AC
side bridge, which can support 1200V DC bus, the required
number of series connected modules per phase is calculated
as 12 (9%1.1*1.1/(0.8*1.2)=11.34). This is under the following
assumption: a) the maximum modulation index of the CHB
bridge is 0.8, b) the maximum over voltage at the AC side is
10%, and c) the maximum drop across inductance is 10% in
phase with converter voltage.

TABLE II: Specification for theoretical design

Parameter Symbol Value

L-L MVAC voltage VgL—L 11 kV
Rated grid frequency f 50 Hz

Number of ports m 2

Rated total power XP; 400 kW
Port 1 rated power P, 200kW
Port 2 rated power P, 200kW
Port 1 DC voltage Vi 1000V
Port 2 DC voltage %) 1000V
Switching frequency fs 100 kHz
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With 12 modules connected per phase, the power flowing
through the CHB bridge, AC side bridge and the main trans-
former is calculated as 11kW (400kW/(12*#3)=11.11kW). The
turns ratio of the main transformer is designed as 1 : 0.833 to
minimize the current stress [27]. Based on (5), to maintain the
maximum phase shift (J;;) less than 0.75, the main transformer
series inductance is calculated as given in (14).

Vdc‘/j

gg}f;;dﬁ(2<—|5nﬁ)==150Mff

Lyt = (14)

B. IMTx Design

Inter-module transformer (IMTx) is designed to handle the
power transfer from one port to the other when two different
ports are loaded differently. For a general case, when power in
port 1 is P; and power in port 2 is P», the power coming from
the AC side is P, + P,. The power processed by individual
bridges in CHB, AC side bridge and the main transformer is
calculated as given in (15). Half of the modules are combined
to the DC side bridge connected to port 1, adding to a total
power of 3rP./2. With this, the power transferred through the
IMTx is calculated as given in (16). The turns ratio for the
IMTx is designed as 1 : 1 to minimise the current stress for
the given specification, [27].

(15)

3r
Pryr = <2) FP.— P =

Pk -P
== (16)

With this, maximum power is transferred through IMTx when
one port is generating maximum power (P;=-200kW) and the
other port is loaded at maximum power (P>=200kW). Based
on (6), to maintain the maximum phase shift (J;;) less than
0.75, the IMTx series inductance is calculated as given in (17),
(18). The peak and RMS current through the transformer is
calculated as (19) and (20). The maximum flux linkage for the
IMTx is calculated as given in (21).

ViVa
Lo = ———612(2 — |6 = 5.86uH 17
2= S P 12(2 — [012]) 0 (17)
. V]

L MT pk = 4}07212512 = 3204 (19)

) Vidi2 012
= 1— =2 =9277A 20
LIMT rms T 3 7 (20)
11 Ponas = Vi 1000 o5 wer 1)

4f,  4%100%103

DC side bridge processes the power equal to the corre-
sponding load port (F;), and the voltage rating is the same
as the load port voltage (V; = V5, = 1000V). However,
the current through the bridge is the combination of current
through the main transformer and the IMTx. The wave shape
and expression for RMS current change for different cases
depending on the sign and magnitude of 417 and 5. 417 and
012 can be expressed as function power P; and P, as given
in (22) and (23). Based on sign and magnitude of J§;; and

012 the RMS value is evaluated in (24) to (29). From the
equations, it can be derived that the maximum value of RMS
current through the DC side bridge is when both ports are
generating or consuming the rated load of +/—200 kW. This
also concludes that the RMS current through the bridge or the
semiconductor VA rating of the DC side bridge has remained
the same compared to a single port ISOP solution with the
same rating.

. 8nfsLyr|Pel
011 = P, 1—4/1————7+—— 22
11 = sign(P.) * \/ VoV (22)
. 8fsLi2| Prar]
J19 = sign(P |1 —y )1 - 22— (23)
12 g ( IMT) \/ AR
case | = (511 > (512 >0
; - L (5%1 + (5%2 + 2011012 — 5:132 24)
T AL L \ =67, 612 + 6116%, — 67, /3
case I = §12 > 611 > 0
. Vi —0%) + 671012 + 071 + 0%, 25)
Islrms = ———
LTS T Yy fo Lig —011035 + 2611019 — 055/3
case Ill = 611 >0, d12 <0
. 1% 76:1))1/3 — 5%1512 + 5%1 + 5%2 (26)
lsl,rms = 77 1
b 4f5L12 +5115%2 + 2611512 + 6%2/3
case IV = 611 < 0, 12 >0
. V1 831/3 + 031012 + 07, + 61, 27
1sl,rms —
b 4st12 —(5116%2 + 2011012 — 5%2/3
case V = 511 < (512 <0
) Vi 2011012 + (5%1 + 5%2 + 6:132 (28)
1sl,rms — T 7 7
*b AfsLio \| +63,/3 + 611012 — 61107,
case VI = 6150 < 611 <0
) Vi 5?1 + 2011612 + 5%1 + (5%2 (29)
1s1,rms — f
b 4fs-[/12 *5%1512 +5f2/3+5115%2

C. Controller Design

The plant mode is given in (30) based on Fig. 12. Consid-
ering the load feedforward, the plant model, along with the
control architecture of the DC-DC stage, is shown in Fig. 13.
From (30), it is observed that the voltage plant only depends on
the output filter capacitor, and it is load-independent. For PV
application, the DC port reference voltage V" is dictated by the
maximum power point tracking (MPPT) algorithm, and in the
case of battery load, it is dictated by the battery management
system (BMS).

(30)
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Fig. 15: Bode Plot of Loop Gain (L;)

The control objective of the DC-DC stage include output
voltage control of each port, and ensuring drawing of equal
power from intermediate DC links. As the voltage loop of each
port needs to track a DC reference voltage, a proportional-
integral (PI) control is selected, leading to zero steady-state
error. The loop gain for any j** port can be written as (31),
here, K,,, and K; are the control parameters. The controller
is designed to satisfy the following specifications, (a) zero
steady-state error, (b) desired gain-cross over frequency (wg.),
(c) phase margin (PM) at the desired wg. should be at least
807, in order to ensure the stability of the system. At a desired
Wgqc, the open-loop gain is represented in (32). The relation-
ship with the desired PM with the L; at the desired wyg,. is
given in (33). By solving the equations (32), and (33), the
control parameters of K, and K; can be determined for the
desired wg., and PM. Now, for the given C; = 10 uF, wg. =
1 kHz, and PM=80°, the designed parameters K, and K; are
computed as 0.062, and 69.08, respectively. The bode-plot of
the loop gain is shown, in Fig. 15.

K,s+ K1 1 _s
Lj(s) = Cj(s)P(s) = =—— x = xe™"* (D)
J
|Lj(s)|3:jwyc =1 (32)
PM = —180 + ZGOL(S)s:ngC (33)

D. Effect of plant uncertainty

For the model to be accurate, an exact plant model is
required, and if there are uncertainties, it can lead to variation
in transient response. The effect of uncertainty in the estimated
series inductance is analyzed, where the actual value of
series inductance (Lpsr1, L2 and L)5) can vary from the
estimated value (Ljy;r and Lq3). Through algebra, it can be
shown that the uncertainty in series inductance will alter the
gain (P} to P, and Py, to Pryr) from unity to the ratio
of estimated inductance to the actual value. This modifies the
control block diagram as shown in Fig. 16. It shows that the
current to each port I; and Iy has coupling from the other
port directly related to uncertainty in series inductance. Per-
unit uncertainty in series inductance Ajs, Aprr1, and Apgpo

9
Iol [r)l
Vi, I} Lo Lyt 1y
nE 2Lh, " 2L sC
Vi
V2 ( Lyr — Lip )
Vi \ 2Ly 2[/12
i < Lyr Lz )
Va \2Large 200, ) [
V2*+ CoEE Lyt Lo 1 |
T w713 2Lyra - 2L, sCy
Va

L2

Fig. 16: Modified control block diagram incorporating plant
uncertainties leading to coupling between output ports.

are introduced as defined in (34) to (36) to simplify the further
calculation.

Ay =(L1z — Lp) /L (34)
Ayri =(Lyr — Lyri)/ L (35)
Ayre =(Lyr — Lyr2)/Lavire (36)

From the block diagram, the dynamic model of the converter
output voltage can be expressed as given in (37). The plant
uncertainty modifies the loop gain for the voltage controller;
this affects the gain cross-over frequency and the phase margin
but does not affect the steady-state performance. The controller
can be designed to accommodate this variation in loop gain
to have a sufficient phase margin for an expected worst-
case variation in inductance. The load current and the current
reference for the other port as a function of plant uncertainty
as given in (37) also affects the output voltage.

(1 n AMT12+ A12>

Ay A
14 MT1+ 12)

C(s)

x Vi'(s)

x 15 (s) 37

14 <1 n AMT12+ A12>

1 (AMT1 + Au)
2

e
<1 n AMT12+ Au)

C(s)
IV. RESULTS FOR A SCALED PROTOTYPE

+ X Iol(s)

1+

SCl

A. Experimental set up

A laboratory-scale MVAC to multi-port DC converter pro-
totype is designed and developed with the parameters given
in the table. III. A single-phase AC to two-port DC con-
verter with two modules is developed as shown in Fig. 17,
and the detailed schematic for it is shown in Fig. 18. SiC
devices G3R40MT12K from GeneSic are used to realize
the H-bridges, and gate driver ADuM4135 drives these de-
vices from Analog devices. Texas Instruments microcontroller
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Fig. 17: SiC-based 1.2 kW hardware prototype with two ports.
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Fig. 18: Detailed schematic of the experimental set up.

TMS320F28379D is used for voltage and current sensing,
closed-loop computation, and switching signal generation,
with a clock frequency of 200MHz. The closed-loop com-
putation time for the proposed solution with two ports is
calculated as 14us with this controller. A custom-designed
planar transformer from Payton Planar is used to realize the
main transformers. Tektronix scopes MSO46 and MDO 3104
are used to record the voltage and current waveform, and the
power analyzer PW6001 from HIOKI is used to measure the
efficiency and power factor.

TABLE III: Converter parameters for experimental verification

Converter Parameter Symbol Value
MTXx turns ratio 1:n 1:1.25
IMTx turns ratio — 1:1

Series Inductance of main transformers Ly 125 nH
Series inductance of IMTx Lio 105 uH

Grid side filter Ly 10 mH

CHB DC bus capacitor Cye 2 mF

Output filter Capacitor Co 10 puF

TABLE IV: Specification for experimental verification

Parameter Symbol Value
Grid voltage Vg 230 V
Number of ports m 2
Rated Power YP; 1.2 kW
Port 1 rated power P 0.6 kW
Port 2 rated power P> 0.6 kW
Port 1 DC voltage Vi 250 V
Port 2 DC voltage Vo 250 V
Rated grid frequency f 50 Hz
Switching frequency fs 50 kHz

1 Trig’d

Tek Run I |
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Fig. 19: Steady state performance of proposed IMT-based
MVAC to multi-port LVDC solution indicating AC grid side
voltage, vg, inverter terminal voltage, vin,, AC grid current,
14 captured for five line cycles. [Ch.1: vy, 250 V/div., Ch.3:
ig 10 A/div., Ch.4: vy, 250 V/div., time scale: 10 ms/div.]
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Fig. 20: High-frequency voltage and current waveform through
MTx [Ch.1: vp; 200 V/div., Ch.2: vg; 200 V/div.,, Ch.3: i1 5
A/div., Ch.4: vy 220 V/div., Ch.5: vge 200 V/div., Ch.6: i1z
5 A/div., time scale: 10 ps/div.].

B. Experimental Results

The steady-state operation of the converter is verified with
the specifications given in the table. IV. Steady state results
for a loading of P, = 300W, and P, = 600W is verified with
a total of 0.9kW drawn from the AC grid. The AC side voltage
and current waveform are given in Fig. 19. A sinusoidal
current is drawn from the grid with a peak value of 5.84
at a power factor of 0.98. This closely matches the theoretical
value of peak grid current (5.54 = v/2x900/230) at the unity
power factor. The five-level inverter voltage generated at the
inverter terminal after the grid side inductor filter (L) is also
shown in the same figure. The AC-DC stage is switched at 10
kHz, and phase shift modulation is adopted for the CHB stage
with two modules in series. The AC-DC stage also maintains
the floating DC buses Vi1 = Vieo = 200V as seen from
the amplitude of V},; and V)5 in Fig. 20. The efficiency of
the proposed solution is measured using the power analyzer
for different output power, and is plotted in Fig. 21. The loss
break down for a loading of 900W is shown in Fig. 22. The
calculation for loss estimation is given below:
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Fig. 21: Variation of estimated efficiency of the proposed
solution for the variation in output power from 300W (25%
of load) to 1200W (100% of load) at rated source and load
voltage conditions.
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Fig. 22: Estimated loss breakdown within the system for a
loading of P, = 600W, Py = 300W.

Conduction loss in CHB

8% 12y * Rason = 8% 2.762 % 0.05 = 3.36W  (38)
Conduction loss in MTx
2 % iy s * Bvrs = 2% 2.6% % 0.45 = 6.1W (39)
Conduction loss in Inductor
2% iy s * B = 2% 2.6% % 0.2 =2.TW (40)
Conduction loss in AC side Bridge
8 12y * Rason = 8+ 1.842 % 0.05 = 1.35W  (41)
Conduction loss in DC side Bridge
8 %2, qge * Rason = 8 % 1.06% % 0.05 = 0.9 (42)
Conduction loss in IMTx
2t s X Rinre = 052 %0.6 = 0.15W  (43)

The core loss for the main transformer is calculated as 6.25
W, the core loss for the inter-module transformer is calculated
as 7.5 W, and the core loss for the inductor is calculated as 3
W. The switching loss for the CHb stage is calculated as 3.65
W. The difference between the estimated loss and measured
loss is about 4.9 W, which is indicated as unaccounted in the
loss breakdown chart.

The phase shift between the AC side bridge and the DC side
bridge is decided to transfer an equal amount of power P, =

_012T/4 ! [,Vl =250V N

Fig. 23: High-frequency voltage and current waveform show-
ing power transfer through IMTx [Ch.3: 7112 1 A/div., Ch.4:
vs1 220 V/div., Ch.5: vse 200 V/div., time scale: 10 ps/div.].

i |

230V 207V

Fig. 24: Performance during voltage sag condition in grid
voltage, vy for a 10% reduction from rated 230 V to 207 V,
indicating the AC side grid voltage waveforms, vg, AC side
grid current waveforms, 74, Port 1 & 2 DC output voltage
and current waveforms (V1, I1) & (Va, I5) respectively. [Ch.1:
ig 20 A/div.,, Ch.2: I; 5 A/div., Ch.3: Iz 5 A/div., Ch.4: v,
400V/div., Ch. 5: V; 200V/div., Ch. 6: V5 200V/div, time scale:
400ms/div.]

(P1+ P3)/2 = 450W. With a CHB DC bus voltage of V. =
Va2 = 200V, output voltage of V3, = Vo = 250V, series
inductance of main transformer L ;r, switching frequency of
fs = b0k H z this phase shift is calculated from (5) as d11 =
da2 = 0.34. Corresponding to this a phase shift of §117s/4 =
1.7us is observed in Fig. 20. This phase shift §;; between
vp1 and ve1, and d22 between vy and v can be seen in
Fig. 20 including the current through the main transformer.
This demonstrates balanced power transfer through both main
transformers, despite the difference in load requirements.
The difference in power between the load port and the power
through the main transformer, Pryr, = (Po — P1)/2 =
150W, is transferred through the inter-module transformer
with a phase shift between v,; and wvse. This phase shift is
calculated based on (6) as d;2 = 0.05 and the corresponding
time delay between vs; and v4o is shown in Fig. 23 as 0.26us.
The figure also shows the current through the IMT as ip12.
These steady-state results also show that the output voltage,
Vi1 and V5, are maintained at the reference value 250V .
Transient response for a step change in grid voltage and fre-
quency are observed to validate the system’s robustness. Step
changes in AC side voltage is introduced using programmable
AC power source 61704 from Chroma. Voltage sag is emulated
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Flg 25: Input and output voltage and currents for a change in grid frequency from 50Hz to 52Hz at P1 = 600W, P, = 600W.
[Ch.1: i4 10 A/div., Ch.2: I; 5 A/div., Ch.3: I 5 A/div., Ch.4: vy 400 V/div., Ch. 5: V4 200 V/div., Ch. 6: V, 200 V/div, time

scale: 20 ms/div.]
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Fig. 26: DC side voltages, current and high-frequency voltage and current through the inter module transformer for a step
change in P, from 300W to 600W while P, = 600W. The waveform is zoomed over a few switching cycle before and after
the transient to show the different in power through the inter module transformer.
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Fig. 27: Input and output voltages and currents for a step
change in port 2 power from OW to 600W while P, = 600W.
[Ch.1: iy 20 A/div., Ch.2: I 5 A/div., Ch.3: Iy 5 A/div., Ch.4:
vg 400 V/div., Ch. 5: V4 200 V/div., Ch. 6: V5 200 V/div, time
scale: 20 ms/div.]

by giving a 10% reduction in AC side voltage from 230 V
to 207 V as shown in Fig. 24. Both the DC port voltages are
regulated to the required 250V at 600W power each during this
transient verifying the systems robustness. System response
for a step change in AC side frequency is observed using the
same programmable AC power source. The transient response
is shown in Fig. 25 for a step change in frequency from 50Hz
to 52Hz. The system is able to track the DC side voltage
for this variation of grid frequency verifying its robustness to
frequency variation.

The dynamic performance of the converter is verified by
switching the load in port 1 from 300W to 600W while port
2 is continuously loaded at P, = 600W. Fig. 26 shows the
voltage and current waveform during this transient. The closed
loop controller corrects the output voltage to 250V for this step
change in load in port 1. The voltage and current through the

IMT before and after the transient is also shown in the same
figure. This waveform over a few switching cycles shows the
change in power through IMT from 150W to OW. The transient
response for a step change in load in one of the ports is also
shown along with AC side and DC side voltage and current
waveform in Fig. 27.

Experiment is also carried out for a case where one of the
DC ports is supplying power to the system, and the other DC
port is loaded. Port 2 is supplying a power of P, = —600W to
the system and port 1 is loaded at P, = 300W. The remaining
power of 300W is supplied to the AC side. The steady-state
result with AC side voltage, current, DC side voltages and
current for this case is shown in Fig. 28. Additionally, the
high-frequency voltage and current waveform of the main
transformer are given in Fig. 29. The AC side bridge lags
the DC side side bridge to transfer a power of 150W through
each of the main transformers.

V. CONCLUSION

This paper presents a novel medium voltage AC to isolated
multi-port DC converter tailored for the increasing power
demands of electric vehicle fast-charging stations. The pro-
posed solution addresses critical inefficiencies in existing line
frequency transformer-less solutions. It eliminates intermedi-
ate energy storage and additional MV-insulated transformer
windings required for power balancing in input series output
parallel (ISOP) based converters. The proposed solution also
maintains the same semiconductor VA rating of ISOP-based
two-stage MVAC to single-port LVDC converter, unlike the
solutions in the literature that need additional devices to
maintain power balance. The modular design with bidirec-
tional power flow capability enables seamless integration of
local energy storage and renewable energy sources, reducing
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Fig. 28: Steady state performance with port 1 operating at
300W and port 2 operating at -600W, indicating the AC side
grid voltage waveforms, vy, AC side grid current waveforms,
1g, Port 1 & 2 DC output voltage and current waveforms (Vi,
I) & (Va, I) respectively. [Ch.1: i, 5 A/div., Ch.2: I; 5
A/div., Ch.3: I 5 A/div., Ch.4: vy 400 V/div., Ch. 5: V; 200
V/div., Ch. 6: V5 200 V/div, time scale: 20 ms/div.]
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Fig. 29: Steady state performance of the proposed solution
with port 1 operating at 300W and port 2 operating at -600W,
indicating main transformers’ waveforms at both ports, namely
Port 1 primary side transformer voltage v,;, Port 1 primary
side transformer current 1,1, Port 1 secondary side transformer
voltage v,1, Port 2 primary side transformer voltage vy, Port
2 primary side transformer current iy, Port 2 secondary side
transformer voltage vsp respectively. [Ch.1: v, 200 V/div.,
Ch.2: i 2 A/div., Ch.3: ir1 2 A/div., Ch.4: v, 200 V/div.,
Ch. 5: vs 200 V/div., Ch. 6: vs; 200 V/div, time scale:
10us/div.]

grid dependency and enhancing the operational stability of
futuristic fast charging stations. The proposed system supports
independent control of each LVDC port while drawing high-
quality UPF current from the MVAC grid.

A systematic design methodology for an MVAC to two port
LVDC configuration has been presented, and the concept has
been validated experimentally using a scaled prototype. The
experimental results confirm the effectiveness of the proposed
design, demonstrating high efficiency (95.3%), independent
power flow capabilities, and robust voltage regulation under
varying load conditions. These features make the proposed
converter a promising solution for future electric vehicle
fast-charging infrastructure, combining scalability, energy ef-
ficiency, and adaptability to renewable energy integration.
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